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Introduction 

An apprentice electrician prepares to become a journeyman typi- 
cally during a four-year period. These four years include 2000 
hours per year of on-the-job training, or a total of 8000 hours. 
During off-hours an apprentice studies electrical theory, methods, 
equipments, and the NEC. 

My purpose in writing this book was to provide the apprentice 
or journeyman with most of the information he or she is required to 
know. I have drawn on my experience as a former instructor of 
apprentice and journeymen electricians to include most of the vital 
material on both electrical theory and its applications. 

This book has been planned as a study course either for the 
classroom or as a self-taught program. It may be utilized without 
any other books on electrical theory. 

Very little on the NEC is included since two other Audel books 
offer abundant information on it. Guide to the National Electrical 
Code, which is updated annually as the NEC is changed, gives a 
very complete interpretation of the Code. Questions and Answer 
for Electrician’s Examinations can further help the electrician 
toward a thorough knowledge of the NEC. 

Trigonometry is covered briefly in this book, because it is useful 
in making mathematical calculations of alternating currents. For 
the reader who is not familiar with trigonometry, there are other 
means of explanation. 

It is not the intent of this book to give a complete discussion of all 
electrical subjects. However, with the basic information presented 
here, the apprentice or journeyman can gain an understanding of 
operational theory and progress even further, if he or she wishes. 

I sincerely hope that this book will be of value to you, the elec- 
trician. It has been my good fortune to learn a great deal from oth- 
ers in our field, and I have presented here the information I have 
gained. Any knowledge that you or future electricians gain from 
this book will make my time spent in writing it worthwhile. 

The basics of electricity really do not change, but the applica- 
tions of these basics do change. Therefore, I hope that you will con- 
tinue your studies throughout your career and keep abreast of the 
continual changes in the field. You will find that in modern society 
the person with the know-how is the person who advances. 

A college degree is a valuable asset — get one if you can. But 
remember that much of the information offered by a degree pro- 
gram may be gained by self-study. Many people with technical 
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know-how are needed to back up the engineering profession, and a 
technical education is receiving increased recognition. 

I wish to extend my sincere thanks to the many fine people I’ve 
worked with through the years. Your contributions have been critical. 

Paul Rosenberg 
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Chapter I 

Electricity and Matter 

Electricity is one of the great wonder-workers of our modern 
world. It is a force that powers thousands of inventions that make 
life more pleasant. Electricity is a property of certain particles to 
possess a force that can be used for the transmission of energy. 
Whenever electricity is used, you may be assured that an equal 
amount of some other form of energy was previously used to pro- 
duce the electricity. 

In order to gain an understanding of what electricity is, we must 
go into some study of matter, molecules, atoms, and elements. This 
is what may be termed the electron theory. 

A Greek philosopher, Thales, in about 600 B.C., discovered 
that a piece of amber rubbed with a woolen cloth would attract 
pieces of chaff and other light objects, much as a magnet attracts 
iron filings. The Greek word for amber is elektron and it probably 
is from this word that the English words “electricity” and “elec- 
tron” were derived. More on this phenomenon will be covered 
later. 

Elements, Atoms, Molecules, and Compounds 

All substances may be termed matter, and matter may be liquid, 
solid, or gaseous. A good example is water. Water may be a solid 
(ice), a liquid (water) with which we wash or drink, and a gas or 
steam (vapor), which we get when water is boiled. Whether it is ice, 
liquid, or vapor, its chemical makeup does not change; only the 
state in which it appears changes. 

Elements are substances that can’t be changed, decomposed by 
ordinary types of chemical change, or made by chemical union. 
There are over 100 known elements, distinguishable by their 
chemical and physical differences. Some common elements are 
copper, silver, gold, oxygen, hydrogen, sulfur, zinc, lead, helium, 
and uranium. 

A molecule is the smallest unit quantity of matter that can exist 
by itself and retain all the properties of the original substance. It 
consists of one or more atoms. 

Atoms are regarded as the smallest particles that retain the prop- 
erties of the element and which, by chemical means, matter may be 
divided into. 
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Some of the more than 100 elements and their characteristics are 
given in Table 1-1. From this table and the symbols for the elements 
appearing in this table, it will be easier to gain insight concerning 
compounds. Some everyday compounds are 

Water (H,0): Two atoms of hydrogen and one atom of 
oxygen. 

Sulfuric acid (H 9 S0 4 ): Two atoms of hydrogen, one atom of 
sulfur, and four atoms of oxygen. 

Salt (NaCl): One atom of sodium and one atom of chlorine. 

Table l-l Elements and Their Characteristics 



Atomic 

Number 


Element 


Symbol 


Atomic 

Weight 


13 


Aluminum 


A1 


26.98 


51 


Antimony 


Sb 


121.76 


18 


Argon 


A or Ar 


39.948 


56 


Barium 


Ba 


137.34 


4 


Beryllium 


Be 


9.01 


83 


Bismuth 


Bi 


208.98 


5 


Boron 


B 


10.81 


48 


Cadmium 


Cd 


112.40 


20 


Calcium 


Ca 


40.08 


6 


Carbon 


C 


12.011 


55 


Cesium 


Cs 


132.905 


17 


Chlorine 


Cl 


35.453 


24 


Chromium 


Cr 


51.996 


27 


Cobalt 


Co 


58.93 


29 


Copper 


Cu 


63.54 


9 


Fluorine 


F 


19.00 


79 


Gold 


Au 


196.967 


2 


Helium 


He 


4.003 


1 


Hydrogen 


H 


1.008 


26 


Iron 


Fe 


55.847 


82 


Lead 


Pb 


207.21 


3 


Lithium 


Li 


6.94 


12 


Magnesium 


Mg 


24.32 


25 


Manganese 


Mn 


54.94 


80 


Mercury 


Hg 


200.61 



( continued ) 
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Table l-l 


(continued) 




Atomic 






Atomic 


Number 


Element 


Symbol 


Weight 


42 


Molybdenum 


Mo 


95.94 


10 


Neon 


Ne 


20.183 


28 


Nickel 


Ni 


58.71 


7 


Nitrogen 


N 


14.007 


8 


Oxygen 


O 


16.000 


15 


Phosphorus 


P 


30.974 


78 


Platinum 


Pt 


195.09 


19 


Potassium 


K 


39.102 


88 


Radium 


Ra 


226.05 


45 


Rhodium 


Rh 


102.91 


34 


Selenium 


Se 


78.96 


14 


Silicon 


Si 


28.09 


47 


Silver 


Ag 


107.87 


11 


Sodium 


Na 


22.991 


38 


Strontium 


Sr 


87.62 


16 


Sulfur 


S 


32.066 


90 


Thorium 


Th 


232.038 


50 


Tin 


Sn 


118.69 


74 


Tungsten 


W 


183.85 


92 


Uranium 


u 


238.03 


30 


Zinc 


Zn 


65.37 



Some forms of matter are merely mixtures of various elements 
and compounds. Air is an example; it has oxygen, nitrogen, helium, 
argon, neon, and some compounds such as carbon dioxide (C0 2 ) 
and carbon monoxide (CO). 

One may wonder what all of this has to do with electricity, but 
it is leading up to an explanation of the electron theory, which 
follows. 

Electron Theory 

An atom may be roughly compared to a solar system in which a sun 
is the nucleus around which orbit one or more planets, the number 
of which depends on which atom we pick from the various ele- 
ments. (Bear in mind that this is not a completely accurate descrip- 
tion, as electrons seem to move in figure eights, rather than in 
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circles. Nonetheless, the comparison between a solar system and an 
atom is useful.) 

The nucleus is composed of protons and neutrons, and orbiting 
around this nucleus of protons and neutrons are electrons. An elec- 
tron is a very small negatively charged particle. Electrons appear to 
be uniform in mass and charge and are one of the basic parts of 
which an atom is composed. The charge of the electron is accepted 
as 4.80 X 10 -10 absolute electrostatic unit. This indicates that all 
electrons are alike regardless of the element of which they are a 
part. 

A neutron is an elementary particle with approximately the mass 
of a hydrogen atom but without an electrical charge. 

A proton is an elementary particle having a positive charge 
equivalent to the negative charge of an electron but possessing a 
mass approximately 1845 times as great. 

From Table 1-1, we find the atomic number (number of protons 
in the nucleus) of hydrogen is 1, helium is 2, lithium is 3, beryllium 
is 4, etc. Figure 1-1 shows the atoms of hydrogen, helium, lithium, 
and beryllium, with the electrons orbiting around the nucleus of 
neutrons and positively charged protons. Notice that the positive 
charge of the protons in the nucleus equals the negative charge of 
the electrons and holds them in orbit. 

Electrons may be released from their atoms by various means. 
Some atoms of certain elements release their electrons more readily 
than atoms of other elements. If an atom has an equal number of 
electrons and protons, it is said to be in balance. If an atom has 
given up some of its electrons, the atom will then have a positive 
charge, and the matter that received the electrons from the atom 
will be negatively charged. Some external force must be used to 
transfer the electrons. 

Before progressing further, any electrical discussion must include 
static electricity, for a better understanding of insulation and con- 
ductors, as well as to carry on with the discussions of dislodging 
electrons. The word “static” means at rest. There are some applica- 
tions where static electricity is put to use, but in other cases it is 
detrimental and must be avoided. We are faced with lightning, 
which is static electricity discharges attempting to neutralize oppo- 
site charges. Since we have to live with lightning’s harmful effects, 
we should know how to cope with it. The methods of avoiding the 
harmful effects of lightning are not fully discovered but much 
progress has been made. 

One method of dislodging electrons is by the friction of rubbing 
a hard rubber rod with a piece of fur. The fur will give up some 
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(A) Hydrogen atom. 



(C) Lithium atom 




Electrons (-) 
Neutrons 
Protons (+) 



(B) Helium atom. 




Electrons (-) 
Neutrons 
Protons (+) 



Figure l-l Atoms: electrons, neutrons, and protons. Electrons have a 
negative (-) charge, protons have a positive (+) charge, and neutrons 
are neutral. 



electrons to the hard rubber rod, leaving the fur with a positive 
charge, and the hard rubber rod will gain a negative charge. Then, 
again, a glass rod rubbed with silk will give up electrons to the silk, 
making the silk negatively charged and leaving the glass rod posi- 
tively charged. 

What actually transpires is that the intimate contact between the 
two surfaces results in the fur being robbed of some of its negative 
electrons, thereby leaving it positively charged, while the rubber 
rod acquires a surplus of negative electrons and is thereby nega- 
tively charged. It is important to note that this surplus of negative 
electrons doesn’t come from the atomic structure of the fur itself. It 
is found that, in addition to the electrons involved in the structure 
of materials, there are also vast numbers of electrons “at large.” It 
is from this source that the rubber rod draws its negative charge of 
electrons. 
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If a hollow brass sphere is supported by a silk thread as in 
Figure 1-2 (silk is an insulator), and a hard rubber rod that has 
received a negative charge, as previously described, is touched to 
the brass sphere, the brass sphere will also be charged negatively by 
a transfer of electrons from the rod to the ball. The ball will remain 
negatively charged as it is supported by the insulating silk thread. 



BRASS BALL 




Figure 1-2 A negatively 
charged hard rubber rod 
touched to a hollow brass ball 
supported by a silk thread will 
negatively charge the brass ball 



Now if the same experiment is tried with the hollow brass sphere 
supported from a metal plate by a wire, the rubber rod will transfer 
electrons to the ball but the electrons will continue through the wire 
and metal plate and eventually to earth (see Figure 1-3). 



Figure 1-3 When a negatively 
charged hard rubber rod is 
touched to a hollow brass ball 
supported from a metal plate by 
a wire, the negative charge will 
move through the metal wire 
and on to earth. 



METAL PLATE 



f 



WIRE- 



BRASS BALL' 






HARD RUBBER ROD 



When a body acquires an electrical charge as, for example, the 
hard rubber rod or the glass rod previously described, it is custom- 
ary to say that the lines of force emanate from the surface of the 
electrified body. By definition, a line of electrical force is an imagi- 
nary line in space along which electrical force acts. The space occu- 
pied by these lines in the immediate vicinity of an electrified body is 
called an electrostatic field of force or an electrostatic field. 

In Figure 1-2, the hollow ball was negatively charged and the 
lines of force emanated from it or converged on it in all directions 
(see Figure 1-4). 
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Figure 1-4 Lines of force from 
an electrically charged hollow 
ball emanate in, or converge 
from, all directions. 



Static electrical charges may be detected by an electroscope. The 
simplest form of an electroscope is a light wooden needle mounted 
on a pivot so that it may turn about freely. A feather or a pith ball 
suspended by silk thread may also be employed for the purpose. 

The electroscope most used was devised by Bennett and consists 
of a glass jar (Figure 1-5) with the mouth of the jar closed by a cork. 
A metal rod with a metal ball on one end (outside the jar) and a stir- 
rup on the other passes through the cork, and a piece of gold leaf is 
hung over the stirrup so that the ends drop down on both sides. 

When an electrified rod is brought close to the hollow brass ball, 
the electrostatic field charges the ball. In Figure 1-5, the rod is 



LINES OF FORCE 




V. 



Figure 1-5 Gold-leaf electroscope. 
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negatively charged, so the electrons in the ball are repelled and the 
ball becomes positively charged. The electrons that were repelled 
from the ball go to the gold leaf, charging both halves of the gold 
leaf negatively, and the leaves fly apart, as illustrated in Figure 1-5. 

Like charges repel each other and unlike charges attract. Since 
both halves of the gold leaf are charged the same, they repel. 
Remember that we have not touched the rod to the ball in this 
experiment; the electrostatic charges are transmitted by induction. 

If a positively electrified ball (A in Figure 1-6) mounted on an 
insulated support is brought near an uncharged insulated body 
(B-C), the positive charge on ball A will induce a negative charge at 
point B and a positive charge at point C. If pith balls are mounted 
on wire and suspended by cotton threads, as shown, the presence of 
these charges will be manifested. The pith ball (D), electrified by 
contact with B, acquires a negative charge. It will be repelled by B 
and attracted toward A and stands off at some distance. The ball 
(E) is charged by contact positively and will be repelled from C a 
lesser distance because there is no opposite charge in the vicinity to 
attract it, while ball F at the center of the body will remain in its 
original position, indicating the absence of any charge at this point. 
This again shows electrostatic induction. The electric strain has 
been transmitted through the intervening air (G) between A and B 
and reappears at point C. 




Figure 1-6 Illustration of 
charges produced by 
electrostatic induction. 



In Figure 1-6, the air in the space (G) between A and B is called 
a dielectric. The definition of a dielectric is any substance that per- 
mits induction to take place through its mass. All dielectrics are 
insulators, although the dielectric and insulating properties of a 
substance are not directly related. A dielectric is simply a transmit- 
ter of a strain. 

When a dielectric is subjected to electrostatic charges, the charge 
tries to dislodge the electrons of the atoms of which the dielectric is 
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composed. If the stress is great enough, the dielectric will break 
down and there will be an arc-over. Dielectrics play a very impor- 
tant role in the theory of the electrical field. 

Electric Current 

We learned earlier that static electricity refers to electrical charges 
that are stationary — that is to say, a surplus of electrons, or the lack 
of same, that stay in one place, not in motion. 

Electrons in motion constitute an electric current. Thus, if electri- 
cal pressure from a battery, generator, or other source is applied to an 
electrical conductor, such as a copper wire, and the circuit is closed, 
electrons will be moved along the wire from negative to positive. 
These electrons pass from atom to atom and produce current. The 
electrons that move are free electrons. They may be compared to 
dominoes set on end. If the first one is pushed over, it knocks the next 
one over and so on. This progression of movement of energy occurs 
at the speed of light, or approximately 186,000 miles per second. 

During the early days of electrical science, electricity was consid- 
ered as flowing from positive to negative. This is opposite to the 
electron theory. While in the study of this course the direction of 
flow might seem irrelevant, in electronic circuits the proper direc- 
tion of flow is very important. Therefore, in our studies we will use 
the right direction of flow, namely, negative to positive in line with 
the electron theory. 

There are basically three forms of electrical current, namely 
(1) direct current (DC), (2) pulsating direct current (pulsating DC), 
and (3) alternating current (AC). 

Figure 1-7 compares the flow of water to DC. Pump A may be 
compared to a battery or a generator driven by some external force, 
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and wheel B may be compared to a DC motor, with the current 
flowing steadily in the direction represented by the arrows. This 
may also be represented as in Figure 1-8. 
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Figure 1-8 Graph 
representation of direct current 
(DC). 
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Now, if generator A in Figure 1-7 were alternately slowed down 
and speeded up, the current would be under more pressure when 
the pump was speeded up and less pressure when the pump slowed 
down, so the water flow would pulsate in the same direction as rep- 
resented in Figure 1-9. It would always be flowing in the same 
direction, but in different quantities. 




Figure 1-9 Pulsating DC. 



In Figure 1-10 we find a piston pump (A) alternately stroking 
back and forth and thus driving piston B in both directions alter- 
nately. Thus, the water in pipes C and D flows first in one direction 
and then the other. Figure 1-11 illustrates the flow of AC; more will 
be covered later. 
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Figure I - 1 0 Piston pump analogy of alternating current. 




Figure l-l I Graph 
representation of alternating 
current. 



Insulators and Conductors 

An insulator opposes the flow of electricity through it, whereas a 
conductor permits the flow of electricity through it. It is recog- 
nized that there is no perfect insulator. Pure water is an insulator, 
but the slightest impurities added to water make it a conductor. 
Glass, mica, rubber, dry silk, etc., are insulators, while metals are 
conductors. 

Although silver is not exactly a 100 percent conductor of elec- 
tricity, it is the best conductor known and is used as a basis for the 
comparison of the conducting properties of other metals, so we will 
call its conductivity 100 percent. 
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Some metals are listed here in the order of their conductivity: 



Silver 


100% 


Copper 


98% 


Gold 


78% 


Aluminum 


61% 


Zinc 


30% 



Iron 


16% 


Lead 


15% 


Tin 


9% 


Nickel 


7% 


Mercury 


1% 



Questions 

1 . What is a neutron? 

2 . What is a proton? 

3 . What is an electron? 

4 . Sketch a boron atom and label its parts. 

5 . Two pith balls are negatively charged and supported by a dry 
silk thread. Draw a sketch showing their relative positions 
when they are brought close to each other. 

6 . Like charges (electrical) and unlike charges (electrical). 
Differencs? 

7 . What is static electricity? 

8 . What is electrical current? 

9 . What is a perfect insulator composed of? 

10. Describe and draw an electroscope. 

1 1 . What is direct current? Illustrate. 

1 2. What is pulsating direct current? Illustrate. 

13. What is alternating current? Illustrate. 




Chapter 2 

Units and Definitions 



We are all familiar with our American (English) system of measure- 
ments, but there is a very definite trend toward the establishment of 
an international system based on the metric system. Actually, the 
metric system is less complicated than our system because all quan- 
tities are in units, tens, hundreds, thousands, etc. The metric system 
is not only used in the vast majority of the world, but it is also used 
in almost all scientific applications. Get used to the metric system 
now. In most ways, it is a superior system. 

Fundamental and Derived Units 

Some of the fundamental and derived units with which we will be 
dealing will be covered here. We will use some of the metric system, 
but the English system will also be used. We will attempt to stay 
with common terms and expressions with which we are familiar, 
but it is also necessary to become familiar with the metric system. 

All physical quantities, such as force, velocity, mass, etc., can be 
expressed in terms of three fundamental units. These are 

1 . Centimeter: The unit of length 

2 . Gram: The unit of mass 

3 . Second: The unit of time 



These constitute the basis of what is called the cgs, or “centimeter- 
gram-second” system of units. 

Units of length have the following conversions: 



1 centimeter (cm) = 
1 centimeter (cm) = 
1 millimeter (mm) = 
1 meter (m) = 
1 inch (in.) = 



0.3937 inch (in.) 
1/100 of a meter (m) 
1/1000 of a meter (m) 
39.37 inches (in.) 

2.54 centimeters (cm) 



The gram is a unit of mass. It is a measure of the amount of 
matter that a body contains. There is a distinction to be made 
between mass and weight: Weight refers to the force with which 
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the earth’s surface attracts a given mass. Therefore, the attraction 
at the earth’s surface for a given mass may be expressed in pounds. 
On this basis, one gram is equal to 1/453.6 pound. The symbol for 
a gram is g. 

The second is 1/60 of a minute; the symbol for the second is s. 
The electrostatic unit (esu) of a quantity of electricity refers to a 
point charge that when placed at a 1 -centimeter distance in air from 
a similar and equal charge repels it with a force of 1 dyne. To con- 
vert a number of such units to coulombs, which are the practical 
units, divide the total number of esu by 3 X 10 9 . 

The number 10 9 (pronounced “ten to the ninth power”) is the 
same as 1,000,000,000, but is much easier to express. This is a sys- 
tem of notation used to express large quantities in a condensed 
form. Only the significant figures are put down, the ciphers at the 
end being indicated by the superscript written slightly above and to 
the right. Thus, 

10 2 = 100 

10 3 = 1000 

10 4 = 10,000 

10 5 = 100,000 

10 6 = 1,000,000 

10 7 = 10,000,000 

Fractions with unity numerator and a power of 10 as denominator 
may be expressed by negative integers written as exponents of 10. 
Thus. 

1/100 = 10~ 2 
1/1000 = 10~ 3 
1/10,000 = 10- 4 
1/1,000,00 = 10~ 5 
1/1,000,000 = 10~ 6 
1/1,000,000 = 10- 7 

The resistance of air is about 10 26 times that of copper. If this is 
expressed with ciphers, it is necessary to say that the resistance of 
air is equal to 100,000,000,000,000,000,000,000,000 times that of 
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copper. You may readily observe that 10 26 is a much more conve- 
nient expression than to use a 1 and 26 ciphers after it. 

In expressing the fractional parts of units or multiples of units 
involved, certain prefixes are used: 

The prefix micro means 1/1,000,000 part of the quantity. A 
microfarad is therefore 1/1,000,000 of a farad, or 10 -6 farad. 

The prefix milli means 1/1000 part of the quantity referred to. 
A milliampere is 1/1000 of an ampere, or 10 -3 ampere. 

The prefix centi means 1/100 part of the unit referred to. Thus, 
a centimeter is 1/100 of a meter or 0.3937 of an inch, since a 
meter is 39.37 inches. Hence a centimeter is 1/1 0 -2 meter. 

The prefix mega means 1,000,000 times the unit referred to. 
Thus 1 megohm is equal to one million ohms, or 10 6 ohms. 

The prefix kilo means 1000 times the unit referred to. Thus a 
kilowatt equals 1000 watts, or 10 3 watts. 

The prefix becto (which we won’t refer to much) means 100 
times the unit to which it refers. Thus a hectowatt is equal to 
100 watts, or 10 2 watts. 

Definitions 

A number of definitions will be given at this point in the course. 
There will be others given as we progress. The reason for giving 
these here is that we may use electrical terminology as we progress 
and keep the explanations to a minimum. 

Insulation: A material that by virtue of its structure opposes 
the free flow of current through it. Commonly used insulating 
materials are asbestos, ceramics, glass, mica, plastics, porce- 
lain, rubber, and paper. 

Conductor: A material that allows the free flow or passage of 
an electric current through its structure; generally, any wire, 
cable, or bus suitable for carrying electrical current. 

Ampere (A): The unit of intensity of electrical current (I); rate 
of flow of electric charge. One ampere will deposit silver in an 
electrolytic cell at the rate of 0.001118 gram per second. 

Ohm (fl): The unit of resistance (R) to an electrical current; a 
column of mercury 106.3 cm long and having a mass of 
14.4521 grams (approximately) with a 1 square millimeter 
cross section at 0° Celsius has a resistance of 1 ohm. 
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Volt (V): The unit of electrical pressure (E); electromotive 
force (emf); potential difference. The amount of electrical pres- 
sure required to force 1 ampere through 1 ohm of resistance. 
Coulomb (C): The quantity of charge that passes any point in 
an electric circuit in 1 second when 1 ampere of current is 
present. 

Watt (W): The electrical unit of energy; rate of doing work 
(P). The product of the applied volts and the current in the 
circuit: 1 ampere X 1 volt = 1 watt. 

Kilowatt (kW): One thousand watts. 

Kilowatt-hour: One watt for 1000 hours; or 1000 watts for 
one hour; or 100 watts for 10 hours, etc. Unit for recording 
electrical power use. 

Energy: The ability to do work. Energy can be neither created 
nor destroyed; it is a conserved quantity. It can, however, be 
converted from one form to another. 

Foot-pound: Unit for measuring work. It is the energy required 
to move a weight of 1 pound through a distance of 1 foot. 

Joule (J): The unit of work ( W): force acting through distance. 
One ampere X 1 volt X 1 second = 1 joule. One watt X 1 
second = 1 joule. One coulomb X 1 volt = 1 joule. 

Farad (F): The unit of capacitance (C). A capacitor has a 
capacitance of 1 farad when one coulomb delivered to it will 
raise its potential 1 volt. The farad is an unpractically large 
quantity, so you will hear more of microfarads, or 
1/1,000,000 farad (10“ 6 farad). 

Henry (H): The unit of electromagnetic induction. A circuit 
possesses an inductance of 1 henry when a rate of current 
variation of 1 ampere per second causes the generation 
therein of 1 volt. 

Megaiuatt (MW): 1,000,000 watts; 10 6 watts. 

Volt-amperes (VA): A term used to describe alternating cur- 
rent; since we usually have opposition to the change of direc- 
tion of current in an alternating-current circuit, the volts and 
amperes are very commonly out of phase. (This will be 
explained later.) 

Kilovolt-amperes (kVA): One thousand volt-amperes. 

Power Factor (PF): The phase displacement of volts and 
amperes in an AC circuit due to capacitance and/or inductance. 
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The cosine of the angle of lag or lead between the alternating 
current and voltage waves. (This will be explained more fully 
later. ) 

Hertz (Hz): The new name for a cycle per second. 
Alternation: One-half of a cycle. See Figure 2-1. 

Frequency (of AC current): The number of hertz completed. 




Figure 2-1 Representation of one alternation and one cycle, which 
consists of two alternations. 



Magnetic Units 

The following definitions of magnetic units are given mainly for 
later reference. 

Gauss (G): Unit of magnetic flux density, equal to one line of 
magnetic flux (maxwell) per square centimeter. 

Maxwell (Mx): Unit of magnetic flux, one magnetic line of 
flux. 

Ampere-turn (At): The magnetomotive force produced by a 
coil, derived by multiplying the number of turns of wire in the 
coil by the current in amperes through it. 

Oersted (Oe): Unit of magnetizing force equal to 1000/47T 
ampere-turns per meter. 
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Permeability (jjl): Expresses the ratio of magnetic flux density 
produced in a magnetic substance to the magnetic field inten- 
sity that occasions it. 

Temperature Units 

Celsius (°C): A temperature scale, formerly termed centigrade 
and used extensively in electrical work and in the metric system. 
Fahrenheit (°F): A temperature scale commonly used under 
our system of temperature recording. 

On the Celsius scale, 0°C is the temperature at which water 
freezes, and 100°C is the temperature at which water boils. Both of 
these refer to sea level, or a barometric pressure of approximately 
14.7 pounds per square inch. 

On the Fahrenheit scale, water freezes at 32°F and boils at 
212°F. These, as with the Celsius temperature scale, are at sea level. 

It is easy to convert from Celsius to Fahrenheit and from 
Fahrenheit to Celsius. Examples: 

To convert 100°C to Fahrenheit, take 9/5 of 100 and add 32; 
thus 9/5 of 100 = 180, and 180 + 32 = 212°F. 

To convert 212°F to Celsius, take 212 — 32 = 180, and take 
5/9 of 180 = 100°C. 

In electrical trade, much electrical equipment is rated in Celsius 
temperature (°C), but in some cases the equipment may be rated in 
Fahrenheit (°F), or in a combination of °C and °F. 

Questions 

1 . How many inches are in a meter? 

2 . How many centimeters are in an inch? 

3. How many seconds are in a minute? 

4. Write 10 10 in common terms. 

5. Write 1,000,000,000 using superscripts. 

6 . Write 1/1,000,000,000 using negative superscripts. 

7. Define micro. 

8 . Define kilo. 

9. Define mega. 

10. Define milli. 
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1 1 . Define centi. 

1 2 . What is a volt? 

1 3. What is an ampere? 

1 4 . What is an ohm? 

1 5. What is a watt? 

16. What is a farad? 

1 7. What is a henry? 

18. What is a kilowatt? 

19. What is a megawatt? 

20. What is a volt-ampere? 

21 . What is a kilovolt-ampere? 

22. What is a hertz? 

23 . What is a frequency? 

24 . Convert 20°C to Fahrenheit. 

25 . Convert 60°F to Celsius. 

26 . What was the previous name for the Celsius scale? 

27 . What is the barometric pressure at sea level? 




Chapter 3 

Electrical Symbols 

Throughout this course and all through your career as an electri- 
cian, you will have need for “electrical symbols.” They will be used 
in schematics, drawings, and numerous other places. This chapter is 
inserted at this point so that you might familiarize yourself with the 
meaning of these symbols and know where to look to find the 
meaning when you come across symbols. 

The total coverage of electrical and electronic symbols may be 
obtained from American National Standards Institute, Inc., 25 W. 
43rd St., New York, N.Y. 10036. 

Try to familiarize yourself with the following symbols so that 
you will recognize them, and thus avoid rereading many explana- 
tions in this text. 

Graphic Electrical Wiring Symbols 

Compiled by American Standard Graphic, electrical wiring symbols 
for architectural and electrical layout drawings. 

0.1 Drafting Practices Applicable to Graphic Electrical 
Wiring Symbols 

A. Electrical layouts should be drawn to an appropriate scale 
or figure dimensions noted. They should be made on draw- 
ing sheets separate from the architectural or structural draw- 
ings or on the drawing sheets for mechanical or other 
facilities. 

Clearness of drawings is often reduced when all different electric 
systems to be installed in the same building area are laid out on the 
same drawing sheet. Clearness is further reduced when an 
extremely small drawing scale is used. Under these circumstances, 
each or certain of the different systems should be laid out on sepa- 
rate drawing sheets. For example, it may be better to show signal 
system outlets and circuits on drawings separate from the lighting 
and power branch circuit wiring. 

B. Outlet and equipment locations with respect to the building 
should be shown as accurately as possible on the electrical 
drawing sheets to reduce reference to architectural drawings. 
Where extremely accurate final location of outlets and 
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equipment is required, figure dimensions should be noted on 
the drawings. Circuit and feeder run lines should be so drawn 
as to show their installed location in relation to the building 
insofar as it is practical to do so. The number and size of con- 
ductors in the runs should be identified by notation when the 
circuit-run symbol doesn’t identify them. 

C. All branch circuits, control circuits, and signal system circuits 
should be laid out in complete detail on the electrical draw- 
ings, including identification of the number, size, and type of 
all conductors. 

D. Electric wiring required in conjunction with such mechanical 
facilities as heating, ventilating and air-conditioning equip- 
ment, machinery, and processing equipment should be 
included in detail in the electrical layout insofar as possible 
when its installation will be required under the electrical con- 
tract. This is desirable to make reference to mechanical draw- 
ings unnecessary and to avoid confusion as to responsibility 
for the installation of the work. 

E. A complete electrical layout should include at least the fol- 
lowing on one or more drawings: 

1 . Floor plan layout to scale of all outlet and equipment loca- 
tions and wiring runs. 

2 . A complete schedule of all of the symbols used with appro- 
priate description of the requirements. 

3. Riser diagram showing the physical relationship of the ser- 
vice, feeder and major power runs, units substations, iso- 
lated power transformers, switchboards, panel boards, pull 
boxes, terminal cabinets, and other systems and equip- 
ment. 

4. Where necessary for clearness, a single line diagram show- 
ing the electrical relationship of the component items and 
sections of the wiring system. 

5. Where necessary to provide adequate information eleva- 
tions, sections and details of equipment and special instal- 
lations and details of special lighting fixtures and devices. 

6 . Sections of the building or elevation of the structure show- 
ing floor-to-floor, outlet, and equipment heights, relation to 
the established grade, general type of building construction, 
etc. Where practical, suspended ceiling heights indicated by 
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figure dimensions on either the electrical floor plan layout 
drawings or on the electrical building section or elevation 
drawings. 

7. Where necessary to provide adequate information, plot 
plan to scale, showing the relation of the building or struc- 
ture to other buildings or structures, service poles, service 
manholes, exterior area lighting, exterior wiring runs, etc. 

8 . In the case of exterior wiring systems for street and high- 
way lighting, area drawings showing the complete system. 

9. Any changes to the electrical layout should be clearly iden- 
tified on the drawings when such changes are made after 
the original drawings have been completed and identified 
on the drawing by a revision symbol. 

0.2 Explanation Supplementing the Schedule of Symbols 

A. General 

1 . Type of Wiring Method or Material Requirement: When 
the general wiring method and material requirements for 
the entire installation are described in the specifications or 
specification notations on drawings, no special notation 
need be made in relation to symbols on the drawing layout, 
e.g., if an entire installation is required by the specifications 
and general reference on the drawings to be explosion- 
proof, the outlet symbols don’t need to have special identi- 
fication. 

When certain different wiring methods or special materials will 
be required in different areas of the building or for certain sections 
of the wiring system or certain outlets, such requirements should be 
clearly identified on the drawing layout by special identification of 
outlet symbols rather than only by reference in the specifications. 

2 . Special Identification of Outlets: Weather-proof, vapor- 
tight, water-tight, rain-tight, dust-tight, explosion-proof, 
grounded or recessed outlets, or other special identification 
may be indicated by the use of uppercase letter abbrevia- 
tions at the standard outlet symbol. See the examples in 
Table 3-1 

Table 3-1 Abbreviations for Special Identification of Outlets 



Weather-proof 

Vapor-tight 

Water-tight 



WP 

VT 

WT 



( continued ) 
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Table 3-1 (continued) 



Rain-tight 


RT 


Dust- tight 


DT 


Explosion-proof 


EP 


Grounded 


G 


Recessed 


R 



The grade, rating, and function of wiring devices used at special 
outlets should be indicated by abbreviated notation at the outlet 
location. 

When the standard Special Purpose Outlet symbol is used to 
denote the location of special equipment or outlets or points of con- 
nection for such equipment, the specific usage will be identified by 
the use of a subscript numeral or letter alongside the symbol. The 
usage indicated by different subscripts will be noted on the drawing 
schedule of symbols. 

B. Lighting Outlets 

1. Identification of Type of Installation: A major variation in 
the type of outlet box, outlet supporting means, wiring sys- 
tem arrangement, and outlet connection and need of spe- 
cial items such as plaster rings or roughing-in cans often 
depend upon whether a lighting fixture is to be recessed or 
surface-mounted. A means of readily differentiating 
between such situations on drawings has been deemed to 
be necessary. In the case of a recessed-fixture installation, 
the standard adopted consists of a capital letter R drawn 
within the outlet symbol. 

2. Fixture Identification: Lighting fixtures are identified as to 
type and size by the use of an uppercase letter, placed 
alongside each outlet symbol, together with a notation of 
the lamp size and number of lamps per fixture unit when 
two or more lamps per unit are required. A description of 
the fixture identified by the letter will be given either in the 
drawing schedule of symbols, separate fixture schedule on 
the drawing, or in the electrical specifications. 

3. Switching Outlets: When different lighting outlets within a 
given local area are to be controlled by separately located wall 
switches, the related switching will be indicated by the use of 
lowercase letters at the lighting and switch outlet locations. 
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C. Signaling Systems 

1 . Basic Symbols: Each different basic category of signaling sys- 
tem shall be represented by a distinguishing Basic Symbol. 
Every item of equipment or outlet comparison in that cate- 
gory of system shall be identified by that basic symbol. 

2 . Identification of Individual Items: Different types of indi- 
vidual items of equipment or outlets indicated by a basic 
system symbol will be further identified by a numeral 
placed within the open system basic symbol. All such indi- 
vidual symbols used on the drawings shall be included on 
the drawing schedule of symbols. 

3. Use of Symbols: Only the basic signaling system outlet 
symbols are included in this standard. The system or sched- 
ule of numbers referred to in (2) above will be developed 
by the designer. 

4. Residential Symbols: Signaling system symbols for use in 
identifying certain specific standardized residential-type 
signal system items on residential drawings are included in 
this standard. The reason for this specific group of symbols 
is that a descriptive symbol list such as is necessary for the 
above group of basic system symbols is often not included 
on residential drawings. 

D. Power Equipment 

1. Rotating Equipment: At motor and generator locations, 
note on the drawing adjacent to the symbol the horse- 
power of each motor, or the capacity of each generator. 
When motors and generators of more than one type or sys- 
tem characteristic, e.g., voltage and phase, are required on 
a given installation, the specific types and system charac- 
teristics should be noted at the outlet symbol. 

2 . Switchboards, Power Control Centers, Unit Substations, 
and Transformer Vaults: The exact location of such equip- 
ment on the electrical layout floor plan drawing should be 
shown. 

A detailed layout, including plan, elevation, and sectional views, 
should be shown when needed for clearness showing the relation- 
ship of such equipment to the building structure or other sections of 
the electric system. 

A single line diagram, using American Standard Graphic 
Symbols for Electrical Diagrams — Y32.2, should be included to 
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show the electrical relationship of the components of the equipment 
to each other and to the other sections of the electric system. 

E. Symbols Not Included in This Standard 

1 . Certain electrical symbols that are commonly used in mak- 
ing electrical system layouts on drawings are not included as 
part of this standard for the reason that they have previously 
been included in American Standard Graphic Symbols for 
Electrical Diagrams, W32.2. 

ASA policy requires that the same symbol not be included in two 
or more standards. The reason for this is that if the same symbol 
was included in two or more standards, when a symbol included in 
one standard was revised, it might not be so revised in the other 
standard at the same time, leading to confusion as to which was the 
proper symbol to use. 

2 . Symbols falling into the above category include, but are 
not limited to, those shown in Table 3-2. The reference 
numbers are the American Standard Y32.2 item numbers. 

Symbols Included in Two or More Different 
Standards 

46.3 Electric motor 

46.2 Electric generator 

86.1 Power transformer 



82.1 Pothead (cable 
termination) 

48 Electric watt-hour meter 

12.2 Circuit element, e.g., 
circuit breaker 




Table 3-2 




11.1 Circuit breaker 
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Table 3-2 (continued) 





36 Fusible element 


\ 


76.3 Single-throw knife 
switch 


if 


76.2 Double-throw knife 
switch 


i 


13.1 Ground 




7 Battery 


List of Symbols 




1.0 Lighting Outlets 

See Table 3-3 for a list of lighting outlet symbols. 


Table 3-3 


Lighting Outlet Symbols 


Ceiling Wall 



O -O 

® -® 



1 . 1 Surface or pendant incandescent 
mercury vapor or similar lamp fixture 

1.2 Recessed incandescent mercury 
vapor or similar lamp fixture 



1.3 Surface or pendant individual 
fluorescent fixture 



OR 



1.4 Recessed individual fluorescent 
fixture 



1.5 Surface or pendant 

continuous-row fluorescent fixture 

(continued) 
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Table 3-3 (continued) 

Ceiling Wall 



OR 



1.6 Recessed continuous-row fluorescent 
fixture 51 ' 



1 — 

© 


1 1 

-© 


1.7 Bare-lamp fluorescent strip 2 '*' 

1.8 Surface or pendant exit light 


© 




1.9 Recessed exit light 






1.10 Blanked outlet 


© 


-© 


1.11 Junction box 


© 


-© 


1.12 Outlet controlled by low-voltage 
switching when relay is installed 
outlet box 



*ln the case of combination continuous-row fluorescent and incandescent spotlights, use combinations of the 
above standard symbols. 

**ln the case of continuous-row, bare-lamp fluorescent strip above an area-wide diffusing means, show each fixture 
run, using the standard symbol; indicate area of diffusing means and type by light shading and/or drawing notation. 



2.0 Receptacle Outlets 

Where all or a majority of receptacles in an installation are to be of 
the grounding type, the uppercase-letter abbreviated notation may 
be omitted and the types of receptacles required noted in the draw- 
ing list of symbols and/or in the specifications. When this is done, 
any nongrounding receptacles may be so identified by notation at 
the outlet location. 

Where weather-proof, explosion-proof, or other specific types 
of devices are required, use the type of uppercase subscript letters 
referred to under Section 0.2 item A-2 of this standard. For exam- 
ple, weather-proof single or duplex receptacles would have the 
uppercase subscript letters noted alongside of the symbol (see 
Table 3-4). 
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Table 3-4 Symbols for Receptacle Outlets 



Ungrounded Grounding 



-e 


^0 


2.1 Single receptacle outlet. 




=©, 


2.2 Duplex receptacle outlet. 


3 © 


mh 


2.3 Triplex receptacle outlet. 


=@ 




2.4 Quadruplex receptacle outlet. 


=© 


=©G 


2.5 Duplex receptacle outlet — split 
wired. 


=© 


— Og 


2.6 Triplex receptacle outlet — split 
wired. 


3 ©* 




2.7 Single special-purpose 
receptacle outlet. 3 ' 


3©* 




2.8 Duplex special-purpose 
receptacle outlet.’ 1 ' 


3©„ 


— ^RG 


2.9 Range outlet. 


~@DW 


~ ^ G DW 


2.10 Special-purpose connection 
or provision for connection. 



Use subscript letters to indicate 
function (DW — dishwasher; 
CD — clothes dryer, etc.) 





4v. 


2.11 Multi-outlet assembly. 

(Extend arrows to limit of 
installation. Use appropriate 
symbol to indicate type of 
outlet. Also indicate spacing 
of outlets as x inches.) 






© 


~©G 


2.12 Clock hanger receptacle. 


© 


“ ©G 


2.13 Fan hanger receptacle. 



( continued ) 
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Table 3-4 (continued) 
Ungrounded Grounding 




2.14 Floor single receptacle outlet. 



2.15 Floor duplex-receptacle outlet. 

2.16 Floor special-purpose outlet. 8 ' 



2.17 Floor telephone outlet — public. 




2.18 Floor telephone outlet — private. 

Not a part of the standard: 

Example of the use of several 
floor outlet symbols to identify a 
2, 3, or more gang floor outlet. 

2.19 Underfloor duct and junction 
box for triple, double, or single 
duct system as indicated by the 
number of parallel lines. 

Not a part of the standard: 

Example of use of various symbols 
to identify location of different 
types of outlets or connections 
for underfloor duct or cellular 
floor systems. 




*Use numeral or letter either within the symbol or as a subscript alongside the symbol in the drawing list of 
symbols to indicate type of receptacle or usage. 
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3.0 Switch Outlets 

See Table 3-5. 



Table 3-5 Symbols for Switch Outlets 



s 


3.1 Single-pole switch 


S 2 


3.2 Double-pole switch 


S 3 


3.3 Three-way switch 


S 4 


3.4 Four-way switch 


S K 


3.5 Key-operated switch 


^LM 


3.6 Switch and pilot lamp 


"©S 

S D 


3.7 Switch for low-voltage 


switching system 

3.8 Master switch for 
low-voltage switching system 

3.9 Switch and single receptacle 


S T 


3.10 Switch and double receptacle 


s 

°CB 


3.11 Door switch 


s 

J MC 


3.12 Time switch 

3.13 Circuit breaker switch 


© 


3.14 Momentary contact switch 
or pushbutton for other than 
signaling system 

3.15 Ceiling pull switch 



4.0 Signaling System Outlets: Institutional, Commercial, 
and Industrial Occupancies 

See Table 3-6 



Table 3-6 Symbols for Institutional, Commercial, and 
Industrial Occupancies 

Examples of 
Individual Item 
Identification 
(Not a Part of 
Basic Symbol the Standard) 



4.1 Nurse Call System 
Devices (Any Type) 



(continued) 
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Table 3-6 (continued) 

Examples of 
Individual Item 
Identification 
(Not a Part of 
Basic Symbol the Standard) 



H “© 

+<D 



Nurses' annunciator (can 
add a number after it as 

~ j ~(D 

24 to indicate 
number of lamps). 

Call station, single cord, 
pilot light. 

Call station, double cord, 
microphone-speaker. 

Corridor dome light, 1 
lamp. 

Transformer. 



“KD 




Any other item on same 
system — use numbers as 
required. 

4.2 Paging System Devices 
(Any Type) 

Keyboard. 

Flush annunciator. 



2-Face annunciator. 



Any other item on same 
system — use numbers as 
required. 
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Table 3-6 (continued) 

Examples of 
Individual Item 
Identification 
(Not a Part of 
Basic Symbol the Standard) 




“HI] 

-+S 

H-jT] 




4.3 Fire Alarm System 
Devices (Any Type) 
Including Smoke and 
Sprinkler Alarm Devices 

Control panel. 

Station. 



10" gong 
Pre-signal chime. 



Any other item on same 
system — use numbers as 
required. 

4.4 Staff Register System 
Devices (Any Type) 

Phone operators' register. 
Entrance register — flush. 

Staff room register. 

Transformer. 

Any other item on same 
system — use numbers as 
required. 



(continued) 
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Table 3-6 (continued) 

Examples of 
Individual Item 
Identification 
(Not a Part of 
Basic Symbol the Standard) 







4.5 Electric Clock System 
Devices (Any Type) 




-KD 


Master clock. 






12" secondary — flush. 




+<D 


12" double dial — wall 
mounted. 






18" skeleton dial. 






Any other item on same 
system — use numbers as 
required. 


-Kl 




4.6 Public Telephone 
System Devices 




+-<l 


Switchboard. 






Desk phone. 




+-<1 


Any other item on same 
system — use numbers as 
required. 






4.7 Private Telephone 
System Devices (Any 
Type) 






Switchboard. 




+4^2 


Wall phone. 
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Basic Symbol 



Table 3-6 (continued) 

Examples of 
Individual Item 
Identification 
(Not a Part of 
the Standard) 



Any other item on same 
system — use numbers as 
required. 



+-Q 

Hi] 

Hi] 

Hi] 

H 3 

-h-cU 

hU 

h3 



4.8 Watchman System 
Devices (Any Type) 

Central station. 

Key station. 

Any other item on same 
system — use numbers as 
required. 

4.9 Sound System 
Amplifier. 

Microphone. 

Interior speaker. 

Exterior speaker. 



Hi] 

h 9 

H-® 



Any other item on same 
system — use numbers as 
required. 

4.10 Other Signal System 
Devices 

Buzzer. 



-H© 



Bell. 



( continued ) 
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Table 3-6 (continued) 

Examples of 
Individual Item 
Identification 
(Not a Part of 
Basic Symbol the Standard) 





| Pushbutton. 

| Annunciator. 




| /frh Any other item on same 

system — use numbers as 
required. 


5.0 Signaling System Outlets: Residential Occupancies 

Table 3-7 presents signaling system symbols for use in identifying 
standardized residential-type signal system items on residential 
drawings where a descriptive symbol list is not included on the 
drawing. When other signal system items are to be identified, use 
the basic symbols presented in Table 3-7 for such items together 
with a descriptive symbol list. 


Table 3-7 


Signaling System Symbols for Residential 
Occupancies 


0 


5.1 Pushbutton 


N0 


5.2 Buzzer 


<0 


5.3 Bell 


O 


5.4 Combination bell-buzzer 


CH 


5.5 Chime 


o- 


5.6 Annunciator 


0 


5.7 Electric door opener 
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Table 3-7 (continued) 



0 


5.8 Maid’s signal plug 


□ 


5.9 Interconnection box 


0 


5.10 Bell-ringing transformer 


M 


5.11 Outside telephone 


l> 


5.12 Interconnecting telephone 


R 


5.13 Radio outlet 


TV 


5.14 Television outlet 


6.0 Panelboards, Switchboards, and Related Equipment 

See Table 3-8. 


Table 3-8 


Symbols for Panelboards, Switchboards, and 
Related Equipment 




6.1 Flush-mounted panelboard 
and cabinet. * 




6.2 Surface-mounted panelboard 
and cabinet. * 




6.3 Switchboard, power control 
center, unit substations* — 
should be drawn to scale. 




Flush-mounted terminal 
cabinet.* (In small-scale 
drawings the TC may be 
indicated alongside the 
symbol.) 



( continued ) 
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Table 3-8 (continued) 



6.5 Surface-mounted terminal 
cabinet.*' (In small-scale 
drawings the TC may be 
indicated alongside the 
symbol.) 

6.6 Pull box. (Identify in relation 
to wiring section and sizes.) 



6.7 Motor or other power 
controller. * 



6.8 Externally operated 
disconnection switch. 



6.9 Combination controller and 
disconnection means.* 



identify by notation or schedule. 



7.0 Bus Ducts and Wireways 

See Table 3-9. 



Table 3-9 Symbols for Bus Ducts and Wireways 

I T I I T 1 [t| 7. 1 Trolley duct * 



B B B 



7.2 Busway (service, feeder, or 
plug-in)* 



C C C 



7.3 Cable trough ladder or 
channel 



7.4 Wireway* 
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8.0 Remote Control Stations for Motors or Other 
Equipment* 

See Table 3-10. 

Table 3- 1 0 Symbols for Remote Control Stations for Motors 



of Other Equipment 









8.1 Pushbutton station 


d 




0) 




0 




8.2 Float switch — mechanical 




0 




8.3 Limit switch — mechanical 




0 


1 


8.4 Pneumatic switch — 
mechanical 






8.5 Electric eye — beam source 




0 


1 


8.6 Electric eye — relay 


— © 


8.7 Thermostat 


identify by notation or schedule. 




9.0 Circuiting 

Wiring method identification by notation on drawing or in specifi- 
cation (Table 3-11). 




Table 3-1 1 


Symbols for Circuiting 



9.1 Wiring concealed in 
ceiling or wall. 

9.2 Wiring concealed in floor. 



9.3 Wiring exposed. 

(continued) 
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Table 3-1 I (continued) 



2 1 



3 wires; 
••--///• 

4 wires, etc. 

- //// 



9.4 Branch circuit home run to 
panel board. Number of 
arrows indicates number 
of circuits. (A numeral at 
each arrow may be used to 
identify circuit number.) 
Note: Any circuit without 
further identification 
indicates two-wire circuit. 
For a greater number of 
wires, indicate with cross 
lines. 



o 9.5 Wiring turned up. 



9.6 Wiring turned down. 



Note: Use heavy-weight line to identify service and feeders. Indicate empty conduit by notation CO (conduit 
only). Unless indicated otherwise, the wire size of the circuit is the minimum size required by the specification. 
Identify different functions of wiring system, e.g, signaling system, by notation or other means. 



10.0 Electric Distribution or Lighting System, 
Underground 

See Table 3-12. 

Table 3-12 Symbols for Underground Electric Distribution 



or Lighting System 


0 


10.1 Manhole. 


0 


10.2 Handhole. 


I TM 


j 10.3 Transformer manhole or 

vault.* 




TP 


10.4 Transformer pad.’ 




10.5 Underground direct 
burial cable. (Indicate 
type, size and number of 
conductors by notation 
or schedule.) 
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Table 3-12 (continued) 



£— 


10.6 Underground duct line. 
(Indicate type, size, and 
number of ducts by 
cross-section 
identification of each run 
by notation or schedule. 
Indicate type, size, and 
number of conductors by 
notation or schedule.) 


A 


10.7 Street light standard 
feed from underground 
circuit.” 



identify by notation or schedule. 



1 1.0 Electric Distribution or Lighting System Aerial 

See Table 3-13. 



Table 3-13 Symbols for Electric Distribution or Lighting 



System Aerial 



o 


11.1 Pole’ 


n- 


11.2 Street light and bracket 


A 


11.3 Transformer” 




11.4 Primary circuit” 




11.5 Secondary circuit’ 


) 


11.6 Down guy 


— ■— 


11.7 Head guy 




11.8 Sidewalk guy 


d — 


11.9 Service weather head” 



identify by notation or schedule. 
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Arrester, Lightning Arrester (Electric Surge, etc.) Gap 

See Table 3-14. 



Table 3-14 Symbols for Arrester, Lightning Arrester Gap 



4.1 General. 



— D D — 



">» 



A (_ 

-t><- 






H I Hi" 



-• 



-• 



H 

H 



H 



H 



B" 



4.2 Carbon block. 

Block, telephone 
protector. 

The sides of the 
rectangle are to be 
approximately in the 
ratio of 1 to 2 and the 
space between 
rectangles shall be 
approximately equal to 
the width of a rectangle. 

4.3 Electrolytic or aluminum 
cell. 

This symbol is not 
composed of arrowheads. 

4.4 Horn gap. 

4.5 Protective gap. 

These triangles shan’t be 
filled. 

4.6 Sphere gap. 

4.7 Valve or film element. 

4.8 Multigap, general. 



4.9 Application: gap plus 
valve plus ground, 2 pole. 



identify by notation or schedule. 
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Battery 

See Table 3-15. 



Table 3- 1 5 Symbols for Batteries 





The long line is always 
positive, but polarity may be 
indicated in addition. Example: 


— 


7.1 Generalized direct-current 
source 


— |i— 


7.2 One-cell 


— 


7.3 Multicell 


11 I i 


7.3.1 Multicell battery 
with 3 taps 


-Hi t -H 


7.3.2 Multicell battery 
with adjustable tap 



Circuit Breakers 

See Table 3-16. 



Table 3- 1 6 Symbols for Circuit Breakers 



p 

b 



If it is desired to show the 
condition causing the breaker to 
trip, the relay-protective-function 
symbols in item 66.6 may be used 
alongside the break symbol. 

11.1 General. 



11.2 Air circuit breaker, if 
distinction is needed; for 
alternating-current breakers 
rated at 1500 volts or less 
and for all direct-current 
circuit breakers. 



(continued) 
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Table 3-16 (continued) 




See note 1 1.3 A 



OOO 

OOP 



See note 11.3A 




11.2.1 Network protector. 

11.3 Circuit breaker, other than 
covered by item 11.2. The 
symbol in the right column 
is for a 3-pole breaker. 



11.3.1 On a connection or 
wiring diagram, a 
3 -pole single-throw 
circuit breaker (with 
terminals shown) may 
be drawn as shown. 

11.4 Applications. 



i 

? 



Hi 

??? 






11.4.1 3-pole circuit breaker 
with thermal overload 
device in all 3 poles 



11.4.2 3-pole circuit breaker 
with magnetic overload 
device in all 3 poles. 



$ 

W 






11.4.3 3-pole circuit breaker, 
draw-out type. 



Note 1 1 .3A — On a power diagram, the symbol may be used without other identification. On a composite 
drawing where confusion with the general circuit element symbol (item 1 2) may result, add the identifying 
letters CB inside or adjacent to the square. 
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Circuit Return 

See Table 3-17. 



Table 3-17 Symbols for Circuit Return 

13.1 Ground. 

(A) A direct conducting connection 
to the earth or body of water 
that is a part thereof. 

(B) A conducting connection to a 
structure that serves a function 
similar to that of an earth 
ground (that is, a structure such 
as a frame of an air, space, or 
land vehicle that is not 
conductively connected to earth). 

13.2 Chassis or frame connection. 
A conducting connection to a 
chassis or frame of a unit. The 
chassis or frame may be at a 
substantial potential with 
respect to the earth or 
structure in which this chassis 
or frame is mounted. 



* 



w 



13.3 Common connections 

Conducting connections made 
to one another. All like- 
designated points are 
connected. 

'The asterisk is not a part of 
the symbol. Identifying values, 
letters, numbers, or marks 
shall replace the asterisk. 



Coil, Magnetic Blowout" 

N | 



*The broken line indicates where line connection to a symbol is made and is not a part of the symbol. 
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Contact, Electrical 

See Table 3-18. 

Table 3- 1 8 Symbols for Electrical Contact 

23.1 Fixed contact. 

23.1.1 Fixed contact for jack, 
key, relay, etc. 

23.1.2 Fixed contact for switch. 

23.1.3 Fixed contact for 
momentary switch. 

See SWITCH (item 
76.8 and 76.10). 

Q 23.1.4 Sleeve. 

23.2 Moving contact. 





23.2.1 Adjustable or sliding 
contact for resistor, 
inductor, etc. 

23.2.2 Locking. 

23.2.3 Segment; bridging 
contact. 

23.2.4 Nonlocking. 

See SWITCH (items 
76.12.3 and 76.12.4). 

23.2.5 Vibrator reed. 




23.2.6 Vibrator split reed. 

23.2.7 Rotating contact (slip 
ring) and brush. 



23.3 Basic contact assemblies. 
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Table 3-18 Symbols for Electrical Contact 




23.3.1 Closed contact (break). 



1 

T 





I 

"-f 





1 

T 



TC 




TO 








23.3.2 Open contact (make). 



23.3.3 Transfer. 



23.3.4 Make-before-break. 



23.4 Application: open contact 
with time closing (TC) or time 
delay closing (TDC) feature. 

23.5 Application: closed contact 
with time opening (TO) or 
time delay opening (TDO) 
feature. 

23.6 Time sequential closing. 



The standard method of showing a contact is by a symbol indicat- 
ing the circuit condition it produces when the actuating device is in 
the deenergized or nonoperated position. The actuating device may 
be of a mechanical, electrical, or other nature, and a clarifying note 
may be necessary with the symbol to explain the proper point at 
which the contact functions; for example, the point where a contact 
closes or opens as a function of changing pressure, level, flow, volt- 
age, current, etc. In cases where it is desirable to show contacts in the 
energized or operated condition and where confusion may result, a 
clarifying note shall be added to the drawing. Auxiliary switches or 
contacts for circuit breakers, etc., may be designated as follows: 
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(a) Closed when device is in energized or operated position 

(b) Closed when device is in deenergized or nonoperated position 
(aa) Closed when operating mechanism of main device is in ener- 
gized or operated position 

(bb) Closed when operating mechanism of main device is in deen- 
ergized or nonoperated position 

In the parallel-line contact symbols showing the length of the 
parallel lines shall be approximately 1 Va times the width of the gap 
(except for item 23.6). 

Contactor 

See also RELAY (item 66). 

Fundamental symbols for contacts, coils, mechanical connec- 
tions, etc., are the basis of contactor symbols and should be used to 
represent contactors on complete diagrams (Table 3-19). Complete 
diagrams of contactors consist of combinations of fundamental 
symbols for control coils, mechanical connections, etc., in such con- 
figurations as to represent the actual device. 

Mechanical interlocking should be indicated by notes. 

Table 3- 1 9 Contactor Symbols 



iii 

T-T-T 



24.1 Manually operated 3-pole 
contactor. 




24.2 Electrically operated 1-pole 
contactor with series blowout 
coil. 

*See Note 24.2A. 



% 

© 






jHjnjS 

T T T 



11 

IT 

11 



24.3 Electrically operated 3-pole 
contactor with series blowout 
coils; 2 open and 1 closed 
auxiliary contacts (shown 
smaller than the main 
contacts). 
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Table 3-19 (continued) 



24.4 Electrically operated 1-pole 
contactor with shunt blowout 
__ coil. 

< (*P 




Note 24.2A — The asterisk is not a part of the symbol. Always replace the asterisk by a device designation. 

Machine, Rotating 

See Table 3-20. 



Table 3-20 



o 

© 



Symbols for Rotating Machines 

46.1 Basic. 

46.2 Generator (general). 

46.3 Motor (general). 

46.4 Motor, multispeed. 

Use Basic Motor Symbol and 
note speeds. 




rwi 

rm_ 



46.5 Rotating armature with 
commutator and brushes. 



46.6 Field, generator, or motor. 
Either symbol of item 42.1 
may be used in the following 
items. 

46.6.1 Compensating or 
commutating. 

46.6.2 Series. 

46.6.3 Shunt or separately excited. 

46.6.4 Magnet, permanent. 

See item 47. 



(continued) 
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Table 3-20 (continued) 



O 

© 

0 — ii" 







46.7 Winding symbols. 

Motor and generator winding 
symbols may be shown in the 
basic circle using the 
following representation. 

46.7.1 1-phase. 

46.7.2 2-phase. 

46.7.3 3-phase wye (ungrounded). 

46.7.4 3-phase wye (grounded). 

46.7.5 3-phase delta. 

46.7.6 6-phase diametrical. 

46.7.7 6-phase double-delta. 

46.8 Direct-current machines; 
applications. 

46.8.1 Separately excited direct- 

current generator or motor.* 



46.8.2 Separately excited direct- 
current generator or motor; 
with commutating or 
compensating field winding 
or both. 

46.8.3 Compositely excited direct- 
current generator or motor; 
with commutating or 
compensating field winding 
or both. 
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Table 3-20 (continued) 





JWL_ 



46.8.4 Direct-current series motor 
or 2-wire generator.’ 



46.8.5 Direct-current series motor or 
2-wire generator; with 
commutating or 
compensating field winding 
or both." 



46.8.6 Direct-current shunt motor 
or 2-wire generator 



46.8.7 Direct-current shunt motor 
or 2-wire generator; with 
commutating or 
compensating field winding 
or both. 



46.8.8 Direct-current permanent- 
magnet-field generator or 
motor." 



46.8.9 Direct-current compound 
motor or 2-wire generator 
or stabilized shunt motor." 



( continued ) 
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Table 3-20 (continued) 




nmn 



N 

_t7KKTlJ 








LjTKXTlJ 



46.8.10 Direct-current compound 
motor or 2-wire generator 
or stabilized shunt motor; 
with commutating or 
compensating field 
winding or both.” 



46.8.11 Direct-current 3-wire 
shunt generator.” 



46.8.12 Direct-current 3-wire 
shunt generator; with 
commutating or 
compensating field 
winding or both.” 



46.8.13 Direct-current 3-wire 
compound generator.” 




46.8.14 Direct-current 3-wire 

compound generator; with 
commutating or 
compensating field 
winding or both.” 
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Table 3-20 (continued) 

46.8.15 Direct-current balancer, 
shunt wound.’ 




46.9 Alternating-current machines; 
applications. 

46.9.1 Squirrel cage induction motor 
or generator, split-phase 
induction motor or generator, 
rotary phase converter, or 
repulsion motor.* 

46.9.2 Wound-rotor induction 
motor, synchronous induction 
motor, induction generator, or 
induction frequency 
converter. 




46.9.3 Alternating-current series 
motor. 



*The broken line indicates where line connection to a symbol is made and is not a part of the symbol. 

Meter Instrument 

Note 48A — The asterisk is not a part of the symbol. Always replace 
the asterisk by one of the following letter combinations (Table 3-21), 
depending on the function of the meter or instrument, unless some 
other identification is provided in the circle and explained on the 
diagram. 
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Table 3-21 Symbol 

A 

AH 

CMA 

CMC 

CMV 

CRO 

DB 

DBM 

DM 

DTR 

F 

G 

GD 

I 

INT 

pA or 

UA 

MA 

NM 

OHM 

OP 

OSCG 

PH 

PI 

PF 

RD 

REC 

RF 

SY 

TLM 

T 

THC 

TT 

V 



s for Meter Instruments 

Ammeter IEC 
Ampere-hour 

Contact-making (or -breaking) 
ammeter 

Contact-making (or -breaking) 
clock 

Contact-making (or -breaking) 
voltmeter 

Oscilloscope or cathode-ray 

oscillograph 

DB (decibel) meter 

DBM (decibels referred to 1 

milliwatt) meter 

Demand meter 

Demand-totalizing relay 

Frequency meter 

Galvanometer 

Ground detector 

Indicating 

Integrating 

Microammeter 

Milliammeter 

Noise meter 

Ohmmeter 

Oil pressure 

Oscillograph string 

Phasemeter 

Position indicator 

Power factor 

Recording demand meter 

Recording 

Reaction factor 

Synchroscope 

Telemeter 

Temperature meter 

Thermal converter 

Total time 

Voltmeter 
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Table 3-21 (continued) 



VA 


Volt-ammeter 


VAR 


Varmeter 


VARH 


Varhour meter 


VI 


Volume indicator; meter, audio level 


vu 


Standard volume indicator; meter, 
audio level 


w 


Wattmeter 


WH 


Watthour meter 



Path, Transmission, Conductor, Cable Wiring 

See Table 3-22. 



Table 3-22 Symbols for Path, Transmission, Conductor, and 

Cable Wiring 

58.1 Guided path, general. 

A single line represents the entire 
group of conductors or the 
transmission path needed to 
guide the power or the signal. 

For coaxial and waveguide 
work, the recognition symbol is 
used at the beginning and end of 
each kind of transmission path 
and at intermediate points as 
needed for clarity. In waveguide 
work, mode may be indicated. 

58.2 Conductive path or 
conductor; wire. 



tV- 



58.2.1 Two conductors or conductive 
paths of wires. 



7 ^ 



58.2.2 Three conductors or conductive 
paths of wires. 






58.2.3 “n” conductors or conductive 
paths of wires. 

“n” conductors. 



( continued ) 
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Table 3-22 (continued) 

58.5 Crossing of paths or 
conductors not connected. 

The crossing is not 
necessarily at a 90-degree 
angle. 

58.6 Junction of paths or 
conductors. 

58.6.1 Junction (if desired). 

58.6.1.1 Application: junction of paths, 
conductor, or cable. If desired 
indicate path type, or size. 

1.2 Application: splice (if desired) 
of same size cables. Junction 
of conductors of same size or 
different size cables. If desired 
indicate sizes of conductors. 



Splice 58.6. 

• 



58.6.2 Junction of connected paths, 
conductors, or wires. 



Polarity Symbol 

See Table 3-23. 



Table 3-23 Polarity Symbols 

+ 63.1 Positive 



63.2 Negative 
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Switch 

See Table 3-24. 

Fundamental symbols for contacts, mechanical connections, etc., 
may be used for switch symbols. 

The standard method of showing switches is in a position with 
no operating force applied. For switches that may be in any one of 
two or more positions with no operating force applied and for 
switches actuated by some mechanical device (as in air-pressure, 
liquid-level, rate-of-flow, etc., switches), a clarifying note may be 
necessary to explain the point at which the switch functions. 

When the basic switch symbols in items 76.1 through 76.4 are 
shown on a diagram in the closed position, terminals must be 
added for clarity. 



Table 3-24 Switch Symbols 

- 76.1 Single-throw, general 

/ 76.2 Double-throw, general 



o o ' 1 o 

I 

o o' o 




76.2.1 Application: 2-pole 
double-throw switch with 
terminals shown 

76.3 Knife-switch, general 

76.6 Pushbutton, momentary or 
spring return 

76.6.1 Circuit closing (make) 

76.6.2 Circuit opening (break) 

76.6.3 Two-circuit 

76.7 Pushbutton, maintained or 
not spring return 

76.7.1 Two circuit 
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Transformer 

See Table 3-25. 



(Wl 



Table 3-25 Transformer Symbols 

86.1 General. 

Either winding symbol may be used. 
In the following items, the left 
symbol is used. Additional windings 
may be shown or indicated by a 
note. For power transformers use 
polarity marking H p X p etc., from 
American Standard C6. 1-1956. 

For polarity markings on current 
and potential transformers, see 
items 86.16.1 and 86.17.1. 

In coaxial and waveguide circuits, 
this symbol will represent a taper or 
step transformer without mode 
change. 




86.1.1 Application: transformer 
with direct-current 
connections and mode 
suppression between two 
rectangular waveguides. 



86.2 If it is desired especially to 
distinguish a magnetic-core 
transformer. 




86.2.1 Application: shielded 

transformer with magnetic 
core shown. 




86.2.2 Application: transformer with 
magnetic core shown and 
with a shield between 
windings. The shield is shown 
connected to the frame. 
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Table 3-25 (continued) 




-i 



86.6 With taps, 1-phase. 



86.7 Autotransformer, 1-phase. 




86.7.1 Adjustable. 




86.13 1-phase 2-winding 
transformer. 




86.13.1 3-phase bank of 

1-phase 2-winding 
transformers. 

See American Standard 
C6.1-1 965 for 
interconnections for 
complete symbol. 




86.14 Polyphase transformer. 







86.16 Current transformer(s). 



(continued) 
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Table 3-25 (continued) 



* 



— yw 





86.16.1 Current transformer with 
polarity marking. 
Instantaneous direction of 
current into one polarity 
mark corresponds to current 
out of the other polarity 
mark. 

Symbol used shan’t conflict 
with item 77 when used on 
same drawing. 

86.16.2 Bushing-type current 
transformer.* 



-§ 

^2 3 E 



| -3 



3C 



86.17 Potential transformer(s). 







86.17.1 Potential transformer with 

polarity mark. Instantaneous 
direction of current into one 
polarity mark corresponds 
to current out of the other 
polarity mark. 

Symbol used shan’t conflict 
with item 77 when used on 
same drawing. 




86.18 Outdoor metering device. 

86.19 Transformer winding 
connection symbols. 

For use adjacent to the 
symbols for the transformer 
windings. 



86.19.1 2-phase 3-wire, 
ungrounded. 
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Table 3-25 (continued) 


— 


86.19.1.1 2-phase 3-wire, 
grounded. 




86.19.2 2-phase 4-wire. 




86.19.2.1 2-phase 5-wire, 
grounded. 


A 


86.19.3.1 3-phase 3-wire, delta, 
grounded. 


4. 


86.19.4 3-phase 4-wire, delta, 
ungrounded. 




86.19.4.1 3-phase 4-wire, delta, 
grounded. 


4 


86.19.5 3-phase, open-delta. 


A 


86.19.5.1 3-phase, open-delta, 
grounded at common 
point. 


4 


86.19.5.2 3-phase, open-delta, 
grounded at middle 
point of one 
transformer. 


4 


86.19.3 3-phase 3-wire, delta or 
mesh. 


AA 


86.19.6 3-phase, broken-delta. 


4 


86.19.7 3-phase, wye or star, 
ungrounded. 



( continued ) 
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Table 3-25 (continued) 

86.19.7.1 3-phase, wye, grounded 
neutral. 

The direction of the 
stroke representing the 
neutral can be arbitrarily 
chosen. 

86.19.8 3-phase 4-wire, 
ungrounded. 



*The broken line indicates where line connection to a symbol is made and is not a part of the symbol. 
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Magnets and Magnetic Fields 

In Asia Minor, and particularly in Magnesia, there is found a hard 
lead-colored mineral called magnetite. This is in reality iron oxide 
(Fe 3 0 4 ), composed of three atoms of iron and four atoms of 
oxygen. In early times, people knew that this substance would 
attract small particles of iron. Later it was found that a piece of 
magnetite would always turn to point in one direction. Tradition 
states that Hoang-ti, a Chinese navigator, used a piece of magnetite 
floated on water to navigate a fleet of ships when out of sight of 
land. This was about 2400 B.C. 

This substance was later found to exist in many places through- 
out the world and was called lodestone or leading stone. 

In 1600 A.D. Dr. Gilbert conducted extensive research and pub- 
lished an account of his magnetic discoveries. In these he found that 
the attractive force appeared at two regions on the lodestone, 
which he designated as the poles. The region between the two poles 
becomes less magnetic and a point may be reached at which no 
magnetic forces exist. This may be illustrated by taking a magne- 
tized bar and dipping it in iron filings (see Figure 4-1). The filings 
accumulate at the ends and not at the middle of the bar. This mid- 
dle region on the bar was termed by Dr. Gilbert as the equator. 

Figure 4-1 Magnetized iron bar 
and its attraction for iron filings. 



In 1729, Savery discovered that hard steel retained magnetism 
better than soft iron. 

Magnetic Poles 

You may observe the effect of magnetism by means of a magnetic 
needle and a bar magnet. See Figure 4-2. You will observe that 
one end of the needle is attracted to one and only one end of the 
bar magnet and repelled by the other end of the bar magnet. It is 
sufficient for our purpose to characterize this difference in terms 
of poles, calling one end the north pole and the other end the 
south pole. 
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Figure 4-2 Magnetic needle 
and bar magnet. 




Confusion comes out of this, as we will note that the south pole 
of the magnet attracts the north pole of the needle, while the north 
pole of the magnet repels the north pole of the needle. From this we 
deduce that like poles repel and unlike poles attract. This confusion 
comes from the fact that the north pole of a compass always points 
to the north magnetic pole of the earth. This tends to disrupt our 
attraction and repulsion observations. The French and Chinese call 
the north-pointing end of the compass the south pole. However it is 
customary in our country to call that pole of the magnet that points 
north if suspended the north pole, and the end that points to the 
south magnetic pole, the south pole. 

We have just learned the first law of magnetism: Like poles repel 
and unlike poles attract. 

Magnetic and Nonmagnetic Substances 

A distinction must be made between magnets and magnetic sub- 
stances. A magnet is a magnetic material in which polarity has been 
developed. Substances that are affected by magnets, that is, 
attracted by magnets, are magnetic substances. Some of these may 
retain magnetism and some others may not. Iron and steel are the 
most highly magnetic substances. Nickel is a magnetic substance to 
a degree. 

All substances may be classified magnetically as follows: 

1 . Magnetic substance: those that are attracted by a magnet. 

2 . Diamagnetic substances: those that are feebly repelled by a 
magnet. 

3. Nonmagnetic substances: those that are not affected by a 
magnet in any way. 

The Earth as Magnet 

The earth itself is a great magnet, with its magnetic poles nearly 
coinciding with the geographic poles. Thus we find that at Denver 
the compass points about 14° east of the true north-south line. At 
Savannah, the two directions coincide, and at New York the mag- 
netic variation from the true north-south line is about 11° west of 
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the true line. These variations change from year to year, and this 
information is readily available. 

If a steel needle is magnetized and balanced by a thread, it is free 
to move in any direction. It is free to align itself vertically with the 
declination of the earth’s magnetic field. The angle of dip increases 
the closer you get to the earth’s magnetic poles. Figure 4-3 illus- 
trates a dipping needle. 




Magnetic Lines of Force 

If an unmagnetized iron bar is approached by a pole of a magnet, 
the iron bar becomes magnetized, even though it is not touched by 
the magnet. This is called magnetic induction and if the amount of 
magnetism is comparatively high — that is, the magnetism induced 
into the iron bar — the bar is said to possess high permeability. 

Figure 4-4 illustrates the lines of force that radiate from a bar 
magnet. Since the lines of magnetic force may neither be seen nor 
felt, a good method of proof that they exist is shown in Figure 4-5. 
A sheet of paper is placed over various magnets; the paper is then 
sprinkled with iron filings and tapped sharply. The filings align 
themselves with the magnetic lines of force. 




Figure 4-4 Direction of lines of 
magnetic force about a bar 
magnet. 
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Figure 4-5 Use of iron filings 
to illustrate magnetic field. 



(A) Magnetic field between unlike 
poles. 




(B) Magnetic field around a horseshoe 
magnet. 



There is no good insulator of magnetism. If, however, a hollow 
iron cylinder is placed in a magnetic field, the magnetic lines of 
force will follow a path through the iron cylinder and will be 
deflected away from the interior. See Figure 4-6. 




Figure 4-6 Deflection of 
magnetic lines of force. 



Molecular Theory of Magnetism 

If a bar magnet, such as shown in Figure 4-7, is broken into pieces, 
each piece will become a magnet within itself, with both north and 
south poles. The broken bar magnet will produce as many magnets 
as there are pieces into which it is broken. 



(A) Original bar magnet. 



(B) Broken bar magnet. 
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Figure 4-7 A bar magnet, when broken, produces as many magnets as 
there are pieces. 
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Joule found that an iron bar increases slightly in length when 
strongly magnetized and Bidwell found that still stronger mag- 
netization causes the iron to subsequently shrink in length. If a 
bar is rapidly magnetized, first in one direction and then in the 
other, the bar will heat and a decided hum in the bar will be 
heard. 

Experiments such as these have led to the theory that magnetism 
is an action affecting the arrangement of the molecules. Figure 4-8 
shows the molecules of an unmagnetized bar of iron. It is theorized 






Figure 4-8 Chaotic 
arrangement of molecules in an 
unmagnetized iron bar. 



that when an iron bar is magnetized, its molecules are magnetized 
and line up. See Figure 4-9. High-carbon steel was the original 
material used in making permanent magnets. 
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Figure 4-9 Arrangement of molecules in a magnet. 



Magnets that are stronger and more permanent may be made 
from special alloys of steel containing tungsten, chromium, cobalt, 
aluminum, and nickel. 

The following list illustrates some of the percentages of these 
alloys that are added to steel in the making of these stronger 
magnets: 



Tungsten Steel Chromium Steel Cobalt Steel Alnico Steel 



Tungsten 


5-6% Chromium 1-6% 


Cobalt 


3.5- Aluminum 10-12% 


Carbon 


0.7% Carbon 0. 6-1.0% 




8.0% Nickel 


17-28% 


Manganese 0.3% Manganese 0.2-0. 6% 


Chromium 


3-9% Cobalt 


5-13% 


Chromium 


0.3% 


Tungsten 


1-9% 








Carbon 


0.9% 








Manganese 0.3- 










0.8% 
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Strength of a Magnet 

Soft iron will magnetize while under the influence of a magnetic 
field, but will retain very little, if any, magnetism when the mag- 
netic field is removed. 

We have also just seen that the alloy content of steel affects the 
magnetic strength. 

The strength of a magnet may be determined by the magnetic 
force that it exhibits at a distance from other magnets. Thus, sup- 
pose there are two magnets acting upon a suspended needle. If at 
the same distance from the needle, the two magnets produce 
equal deflections, their strengths would be equal. In other words, 
the strength of a magnet may be defined as the amount of free 
magnetism at its pole. 



Lifting Power of a Magnet 

A distinction must be drawn between the strength of a magnet and 
its lifting power. The lifting power of a magnet depends upon the 
shape of its pole and the number of lines of force passing through 
its pole. A horseshoe magnet with both poles connected by a soft 
iron keeper will lift three to four times as much as with one pole 
alone. A bar magnet will lift more or less depending upon the shape 
of its poles. Suppose that there are three bar magnets of equal 
strength (Figure 4-10), and that there is the same amount of free 
magnetism at the poles of all three. If the end of bar A flares out, it 



(A) Flared end pole. 



(B) Equal end pole. 



(C) Chamfered end pole. 




Figure 4-10 Illustration of different pole shapes that give different 
lifting powers. 
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will lift the least. If pole B is the same area as the bar, it will lift 
more. If the pole is chamfered off so that its face has a smaller cross 
section than the bar, as in C, it will lift the most. The reason for the 
various lifting powers mentioned above is found in the law that 
governs the lifting power of a magnet. This law states: “The lifting 
power is proportional to the square of the number of magnetic lines 
of force per unit of cross-section.” Thus, if the pole is chamfered off 
until the area is reduced by one-half, and the original amount of 
magnetism is crowded into this reduced area, the flux density of the 
magnetism would be doubled. This would cause the lifting power 
for the reduced area to be quadrupled. Since the cross-section has 
been reduced by one-half, the lifting power is actually only dou- 
bled. Practically it would be impossible to concentrate the mag- 
netism to such an extent as to bring about this result. Nevertheless, 
the lifting power may often be increased to some extent by dimin- 
ishing the cross-section of the pole. 

Questions 

1. What is magnetite? 

2 . Complete the statement: Like poles each other. 

3. Complete the statement: Unlike poles each other. 

4. The north pole of a compass is attracted by which magnetic 
pole? 

5. What is a magnetic substance? 

6 . What is a diamagnetic substance? 

7. What is a nonmagnetic substance? 

8 . In your area, which way will a dipping needle dip? 

9. Name an insulator of magnetism. 

1 0. When you break a bar magnet, what happens to the magnetism? 

1 1 . Describe the molecular theory of magnetism. 

1 2. What alloys are used in Alnico magnets? 




Chapter 5 

Ohm’s Law 

Georg Simon Ohm was born in 1789. His father taught him mathe- 
matics and the locksmith trade. He loved electricity and research 
work and published “The Galvanic Battery Treated Mathematically,” 
which became a classic of science. In 1781, a law governing current in 
an electrical circuit was discovered by Cavendish, but this law was not 
publicly recognized until Ohm obtained results by experiment, for 
which he received from England in 1841, a gold medal for the “most 
conspicuous discovery in the domain of exact investigation.” 

The law that bears his name is Ohm’s law. This law gives the 
relationship between voltage, current, and resistance in an electrical 
circuit. This law is accurate and absolute. When we come to alter- 
nating current, we will find that it still applies, with a few other fac- 
tors being involved. 

Statement of Ohm’s Law 

The fundamental statement of Ohm’s law is as follows: 

The current in amperes in any electrical circuit is numerically 
equal to the electromotive force (emf or voltage) in volts impressed 
upon that circuit, divided by the entire resistance of the circuit in 
ohms. The equation may be expressed 




where 

I = intensity of current in amperes 
E = emf in volts 
R = resistance in ohms 

If any two quantities of this equation are known, the third quan- 
tity may be found by transposing, as 

E = IR R = E/I and I = E/R 

Analogy of Ohm’s Law 

Hydraulic analogies may be used to illustrate electrical currents 
and the effect of friction (resistance). We all know from experience 
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that water running through a hose encounters resistance. Thus 
with X pounds of pressure at the hydrant, we will get a consider- 
able flow of water directly out of the open hydrant. If we use 50 ft 
of %-in hose, the flow will be cut down, and if we use 100 ft of 3 A- 
in hose, the flow will be cut even more. The same will be true if we 
use 50-ft-long Vi-in hose: We get less water with the same X pounds 
of pressure at the hydrant than we did with the 14 - in hose. The X 
pounds of pressure may be compared to volts. The quantity of 
water delivered may be compared to current (amperes), and the 
friction (resistance) of the various hoses may be compared to the 
resistance of the conductor in ohms. 



Illustrations of Ohm’s Law 

Now, if we deliver 100 volts to the circuit in Figure 5-1A and the 
load resistance is 50 ohms, there will be a current of 2 amperes: 




100 V 
500 



2 A 



In Figure 5-1B, we have the same voltage but the load resistance 
is 100 ohms, so we find 




100 V 
1000 



= 100 A 



Then, in Figure 5-1C, we have doubled the voltage to 200 volts 
and have 50 ohms of load resistance, so 



I = 



E 

R 



200 V 
500 



4 A 



Here we see that doubling the voltage on the same load as in 
Figure 5-1A will double the current from 2 to 4 amperes. 

Problem I 

An incandescent lamp is connected on a 110-volt system. The resis- 
tance ( R ) of the heated filament is 275 ohms. What amount of cur- 
rent will the lamp draw? Answer: 



E _ 110 V 
R ~ 2750 



0.4 A 
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(A) With 50-17 resistance. 



(B) With 1 00-fl resistance. 



(C)With 200-V emf and 50-17 load. 



?A 




LOAD 

RESISTANCE 

50Q 



LOAD 

RESISTANCE 
100 Q 



LOAD 

RESISTANCE 

50Q 



Figure 5-1 Examples of Ohm’s law. 



Problem 2 

We have two electric heaters with resistances of 20 and 40 ohms, 
respectively. We also have 120 and 240 volts available. Calculate 
current amperes for the following combinations: 



a. 20 ohms on 120 volts: I 

b. 40 ohms on 120 volts: I 

c. 20 ohms on 240 volts: I 

d. 40 ohms on 240 volts: I 



E 

R 

E 

R 

E 

R 

E 

R 



120 V 
2017 



6 A 



120 V 
40 17 



3 A 



240 V 
20 17 



12 A 



240 V 
4017 



6A 



From the above problems, you may readily see that doubling the 
resistance on the same voltage halves the current; also, doubling the 
voltage with the same resistance doubles the current. 

From this the deduction may be made that the current in any cir- 
cuit will vary directly with the emf and also that the current in an elec- 
trical circuit varies inversely with the resistance. Also, if the current in 
an electrical circuit is to be maintained constantly, the resistance must 
be varied directly with the emf; on the other hand, if the emf is to be 
kept constant, the resistance must be varied inversely with the current. 
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Ohm’s Law and Power 

There is another series of equations related to Ohm’s law because 
of the fact that the power in watts in any electrical circuit is equal 
to the current in amperes multiplied by the emf in volts. Thus: 

P = El 

where 

P = power in watts 
I = current in amperes 
E = emf in volts 

This formula may be transposed to find either I or E. Thus: 

P , P 

I = — and E = — 

E I 

So if P = 100 watts and 1 = 4 amperes, we find E = P/I, or 100 W/4 

A = 25 V. Since R = E/I and E = P/I, 

R = P/I 2 , I 2 = P/R and I = Vp/R, and P = I 2 R 

Then, if P = 100 watts and R = 4 ohms, then I 2 = 100 W/4 H = 
25 A 2 , and the square root of 25 is 5, so 1=5 amperes. Further, 
since P = El and I = E/R, we have: 

E 2 /R = P R = E 2 /P E 2 = RP and E = VRP 

If R = 4 ohms and P = 100 watts, then E 2 = PR = 100 W X 4(1 = 
400 V 2 . The square root of 400 V 2 is 20 V. Thus, E = 20 volts. 

The Ohm’s Law Circle 

One of the easiest ways to remember, learn, and use Ohm’s Law is 
with the circle diagram shown in Figure 5-2. This Ohm’s law circle 
can be used to obtain all three of these formulas easily. The method 
is this: Place your finger over the value that you want to find (E for 
voltage, I for current, or R for resistance), and then the other two 
will make up the formula. For example, if you place your finger 
over the E in the circle, the remainder of the circle will show I X R. 
If you then multiply the current times the resistance, you will get 
the value for voltage in the circuit. If you wanted to find the value 
for current, you would put your finger over the I in the circle, and 
then the remainder of the circle will show E = R. So, to find current 
we divide voltage by resistance. Lastly, if you place your finger over 
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the R in the circle, the remaining part of the circle shows E+I. 
These Ohm’s law formulas apply to any electrical circuit, no matter 
how simple or how complex. 



Ohm’s Law 

Voltage = Current X Resistance 
Current = Voltage h- Resistance 
Resistance = Voltage h- Current 



Figure 5-2 The Ohm’s Law 
Circle. 




E 4 R = I 
I X R = E 



Formulas 

Ohm’s Law 

E = IR 
I = E/R 
R = E/I 

Power in Watts 

P = IE 
I = P/E 
E = P/I 
R = P/I 1 
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I 1 = P/R 

I = Vp/r 

P = fi/R 

P = E 2 /R 

R = E 2 /P 

E 2 = RP 
E = VRP 

Questions 

1. State Ohm’s law in simple form (in words). 

2 . State Ohm’s law as an equation using the customary letter for 
each quantity. (Give the meaning of each letter used.) 

3 . Give three equations for Ohm’s law for determining the val- 
ues of current, emf, and resistance. 

4 . Give three equations for the power in an electrical circuit 
when it is desired to have watts, amperes, or voltage. 

5 . Give three equations for the power in an electrical circuit 
when the quantities involved are watts, current, and resis- 
tance. 

6 . Give the equations for the power in an electrical circuit when 
the quantities involved are voltage, watts, and resistance. 

7 . A load absorbs 650 watts. It is designed to operate at 100 
volts. How many amperes will it draw? 

8 . A lamp has a resistance of 100 ohms and takes 1 ampere. 
How many watts does it absorb? 

9 . A coil is designed to take 5 amperes from a 110-volt circuit. 
What is its resistance and how many watts does it absorb? 

10. A motor has an equivalent resistance of 6 ohms and absorbs 
2.4 kW. How many amperes does it take? For what voltage is 
it designed? 

1 1 . A battery having an internal resistance of 4 ohms is connected 
in series with an external resistance of 6 ohms. A current of 5 
amperes circulates. What is the voltage of the battery? 

1 2. A current of 8 amperes must flow through a total resistance of 
3 ohms. What is the voltage required? 




Chapter 6 

Capacitors 

Capacitors are also termed condensers, especially in older texts and 
in the automobile industry. In this chapter, we will use the term 
capacitor, which is the most accepted terminology at the present 
time. 

We found earlier that two oppositely electrified bodies attract 
one another. A capacitor is two electrified conducting surfaces sep- 
arated by a dielectric. 

A very practical method of describing capacitor action is shown 
in Figure 6-1. Two metal discs, A and B, are mounted on insulating 
supports. Disc B is connected by a conductor to a static machine or 
other high-voltage DC source, so that B becomes positively 
charged. Disc A is connected by a conductor to ground. Plate B will 
inductively charge the surface of plate A nearest to B negatively and 
an equal positive charge will go to ground through conductor G. 

C Figure 6-1 Principle of a 

Pi capacitor. 




The pith ball electroscope connected to A will show a feeble elec- 
trification, while the pith ball connected to B shows more electrifi- 
cation because B is connected to the static machine. 

The negative charge on A reacts to draw the positive charge on B 
to B’s inner surface. This allows more positive charge to flow from 
the static machine. The increased positive charge on B induces a 
stronger negative charge on A. This action continues until the 
dielectric C breaks down and a flash occurs between A and B. 
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Before the dielectric breaks down, if the static machine and 
ground are disconnected and the plates A and B pushed closer 
together, the pith balls will fall, which one might interpret to mean 
less charge is present. This, however, is not the case. What is hap- 
pening is the capacitance of plates A and B increases as they 
approach, accompanied by a fall of potential. 

When A and B are pulled apart, the capacitance decreases and 
the potential rises, causing the pith balls to fly outward due to the 
potential increase. 

The arrangement just described is called a capacitor. The dielec- 
tric C may be air, paper, mica, glass, or any other dielectric. The 
plates A and B may be any metal, usually tin foil or aluminum foil. 
The capacitance of a capacitor depends upon three things: 

1 . The size and shape of the metal coatings 

2 . The thinness of the intervening dielectric 

3. The dielectric separating the coatings 

Please note that the material used for the metal coatings doesn’t 
affect a capacitor’s capacitance. The size and shape of the metal 
does affect the capacitance. The thinner the dielectric, the more 
capacitance the capacitor has. The material that composes the 
dielectric also affects its capacitance. 

Using a vacuum or air as a base of 1 for dielectric constants, 
Table 6-1 shows a few of the dielectric constants. 

Table 6-1 Dielectric Constants 



Air 


1 


Mica 


5.7-7 


Glass, crown 


5-7 


Paper, dry 


2-2.5 


Glass, flint 


7-10 


Paraffin wax 


2-2.3 


India rubber 


2.1 -2.3 


Water, pure 
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The Leyden jar was probably the first capacitor. It was named 
for the town of Leyden, where it was developed. A glass jar is cov- 
ered partway up on the outside with tinfoil and lined inside with 
tinfoil to the same height, and this inner foil is connected to a brass 
ball outside the jar. See Figure 6-2. The two layers of foil are the 
two plates, and the glass jar is the dielectric. These foils were used 
with static generators, one electrode attached to the outside foil and 
the other electrode attached to the inside foil. The Leyden jar was 
charged and then the leads disconnected. The Leyden jar would 
often hold a charge for days, most of the time element of holding a 




Capacitors 79 




charge depending upon the air’s humidity. When the inside and out- 
side foil were electrically connected, an electric discharge would 
occur. 

More than one Leyden jar could be connected together. In 
Figure 6-3, where the Leyden jars are connected in series (inner foil 
connected to outer foil of preceding jar) and the two discharge balls 
approach each other, the discharge wouldn’t be heavy, but would 
discharge quite a distance, as the emf of each Leyden jar would add 
to each of those in series; thus, an increased potential would result. 
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When Leyden jars are paralleled as in Figure 6-4 (inner foils con- 
nected together), the discharge emf would be the same as for each 
individual Leyden jar and the discharge gap would be only one- 
third of that in Figure 6-3, but the spark would be thicker due to 
the current of the Leyden jars adding up (the current would be three 
times as heavy as in Figure 6-3). 



Figure 6-4 Leyden jars connected in parallel. 

Leyden jars are really used only for experiments nowadays, but 
they very effectively illustrate the theory of capacitors. 

The most commonly used form of capacitor is composed of lay- 
ers of foil separated by wax paper as the dielectric, or some other 
similar dielectric. See Figure 6-5. The foil is cut into long narrow 
strips, separated by waxed paper, and then rolled up into a cylinder 
as shown in Figure 6-6. This of course is not the only form that 
capacitors appear in. 

I ' — — FOIL 



Figure 6-5 A commonly used 
capacitor in finished form 
(schematic). 



DIELECTRIC 
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Figure 6-6 A commonly used 
form of capacitor. 



A more recent type of capacitor is the electrolytic capacitor. The 
plates of this type of capacitor are polarized and marked anode (+) 
and cathode ( — ). The anode is the aluminum foil with large surface 
area, while the cathode is usually an aluminum container, but not 
necessarily so. There are both wet and dry types of electrolytic 
capacitors. The most common type is the wet type, with a solution 
of borax and boric acid in water. In another type, the electrolyte is 
ammonium citrate in water. The dry type uses a paste electrolyte of 
boric acid, glycerine, and ammonia. Paper or gauze packed between 
the anode and cathode is impregnated with the solution. 

A DC source of emf is connected to the electrolytic capacitor, 
with the positive (+) to the anode and the negative ( — ) to the cath- 
ode. A slight current is established through the electrolyte, which 
produces a thin film on the surface of the anode, polarizing the 
capacitor. This film also serves as the dielectric. This is termed 
forming the capacitor. 

If the polarity is reversed, the film will break down and the 
capacitor will be destroyed, often blowing up. 

There is also an electrolytic capacitor that is not polarized; it is 
used in starting single-phase motors. These AC electrolytic capaci- 
tors can’t be subjected to AC for long periods or too often in quick 
succession. 

A capacitor doesn’t pass electrons. (Lest one contest this state- 
ment, since there is no perfect insulator, we probably should state 
that basically a capacitor passes no electrons.) 

As stated previously, the two plates of a capacitor become 
charged, one negative and one positive. A good way to demonstrate 
this is with a capacitor, a two-way switch, a DC source of emf, and 
a galvanometer. (We have not discussed galvanometers as yet, as 
these will be covered in the chapter on meters, but a galvanometer 
is a delicate meter for registering current.) 

When the switch A in Figure 6-7 is closed, the galvanometer will 
show current as waveform B of Figure 6-8. The peak is the maximum 
flow point and then the flow tapers off. Thus the voltage doesn’t all 
appear across the capacitor at first but must build up as the current 
drops. Then, when switch B in Figure 6-7 is closed, the galvanome- 
ter will show current as waveform C of Figure 6-8. The voltage 
across the capacitor drops to zero as the current goes to zero and the 
negative charges move to the other plate of the capacitor. Thus, a 
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Figure 6-7 Charging and 
discharging a capacitor. 



capacitor opposes changes in voltage. (The circuit property that 
opposes changes in current is called inductance and will be dis- 
cussed later.) 




Figure 6-8 Current impulses of the circuit in Figure 6-7. 



Figure 6-9 illustrates a capacitor in series with a light bulb and a 
DC source of emf from a battery. When switch A is closed, the lamp 
will light up for an instant and then go out. This is due to the cur- 
rent to charge the plates of the capacitor. When the capacitor is 
charged, no more current will flow. 



CAPACITOR 




LAMP 



Figure 6-9 A lamp connected 
in series with a capacitor and a 
DC source. 
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Figure 6-10 shows a capacitor in an AC circuit, with a switch 
and lamp. When the switch is closed, the lamp will light and con- 
tinue to stay lit. Actually, the current doesn’t flow through the 
capacitor, but the plates are alternately charged positive and nega- 
tive, giving the effect of current flowing through the capacitor. This 
happens so rapidly that the filament of the lamp doesn’t have time 
to cool down, and thus it appears as if current flows steadily. 
During one cycle, the current flows first in one direction and then 
flows in the other direction. Thus, with 60 cycles, there are 120 
alternations per second. 



SWITCH 



AC 

SOURCE 




Figure 6-10 A capacitor in an 
AC circuit. 



Capacitance 

The unit of capacitance is explained in Chapter 2 and is designated 
by F. A capacitor thus has a capacitance of one farad when one 
coulomb delivered to it will raise its potential one volt. The farad is 
a very large unit of measurement, so we usually talk in terms of 
microfarads (/aF) or one one-millionth of a farad (10~ 6 farad). 

Let Q be the charge of a capacitor in coulombs, E the applied 
potential difference in volts, and C the capacitance of a capacitor in 
farads. Then 



Charge Q 

Capacitance = . , — or C = — 

Potential Difference E 

As previously stated, the capacitance of a capacitor is affected by 
the material and dimensions of the dielectric. The capacitance is 
directly proportional to the effective area of the dielectric and 
inversely proportional to the thickness of the dielectric. Capacitance 
is also proportional to the dielectric constant (examples were given 
in Table 6-1) of the material between the plates. 

Let A be the total area of dielectric between the plates, in square 
inches, s the thickness of dielectric in inches, k the dielectric 
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constant, and C the capacitance of the capacitor in microfarads. 
Then 

2.24 X k X A 

C = 7 

s X 10 7 



is the capacitance. 

Now, using the dielectric constant (from Table 6-1) and mea- 
surements of the dielectric, we may find the capacitance of a capac- 
itor. We have just stated that the capacitance is directly 
proportional to the effective area of the dielectric. It stands to rea- 
son that the total area of the dielectric will be larger than the plate 
area, for insulating purposes, so effective area of the dielectric is 
also the plate area. 

Problem 

A capacitor is composed of 31 tinfoil sheets measuring 6.5 inches 
by 6 inches, separated by mica 0.004 inch thick (4 mils) with a 
dielectric constant of 6.5. What is the capacitance of this capacitor? 

There are 30 sheets of mica between the plates. The plates are 
6.5 inches by 6 inches, so there are 39.0 square inches of effective 
dielectric per sheet and 30 sheets. Thus 



^ 2.24 X k X A 2.24 X 6.5 X 39 X 30 

C = 7 = = 0.43 nF 

s X 10 7 0.004 X 10,000,000 1 



Capacitance in Series and Parallel 

When we parallel capacitors in a circuit, such as in Figure 6-11, we 
may have to find their combined capacitance. 



Figure 6-1 I Capacitors in 
parallel. 

3uF 



To find the combined capacitance of capacitors in parallel, add 
the capacitance of all of the individual capacitors in the circuit. 
Thus, in Figure 6-11 
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Cj = 0.50 /rF 
C 9 = 0.25 fji F 
C 3 = 0.10 n F 

C 4 = 0.30 /u, F 
C = 1.15 /rF 

The total capacitance will always be larger than that of any one 
capacitor in the circuit. 

When we put capacitors in series in a circuit, as in Figure 6-12, 
we may have to find the total capacitance of the circuit, and this is 
more complicated. When capacitors are in series in a circuit, the 
total capacitance will be less than that of any individual capacitor 
in the circuit. 




We find the total capacitance by taking the reciprocal of the sum 
of the reciprocals of the individual capacitors. You may ask, “What 
is a reciprocal?” Flere are some examples: 

The reciprocal of 2 is V 2 . 

The reciprocal of V 2 is 2. 

So what we actually do is invert the capacitance of the individual 
capacitors, as in Figure 6-12, into reciprocals or fractions and add 
them: 

Cj = 0.50 /r F: Reciprocal = 1/0.5 /r F 
C 9 = 0.25 /u, F: Reciprocal = 1/0.25 /r F 
C 3 = 0.10 /r F: Reciprocal = 1/0.1 /jlF 
C 4 = 0.30 /r F: Reciprocal = 1/0.3 /r F 
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Now, 

J_ _ J_ J_ J_ J_ 

Q c t c 2 C3 C 4 

So, 

1111 

oJ + 025 + (U + (U 

_ _3d)_ _6d)_ T5d) JkO- _ 29X) 

~~ 1.50 + 1.50 + 1.50 + 1.50 “ 1.50 

This is the sum of the reciprocals. Now the reciprocal of the sum 
of the reciprocals will be 1.50/29.0 = 0.051 /jlF, which is the answer 
and it is, as stated, less than the capacitance of the smallest capaci- 
tor in the circuit. 

Capacitance in Other Than Regular Capacitors 

We have discussed capacitors and capacitance as it pertains to reg- 
ular capacitors. It would be amiss to in any way leave the impres- 
sion that capacitance appears only in capacitors as such. 

As we progress further, we will find capacitance entering into 
our discussions in many ways. For now, let us state that if we have 
conductors in a raceway (metallic), there will be capacitor effect 
between the conductors and between the conductors and grounded 
raceway. See Figure 6-13. In a later chapter on insulation testing, 
you will be cautioned after running insulation tests to short-out the 
conductors and the raceway. This is because of the charge accumu- 
lated in the capacitive effect, from which a severe shock may result. 
Coaxial high-voltage cables create a capacitor charge between the 
shield of the cable and the conductors, which may result in a very 
high voltage discharge. 



CAPACITOR EFFECT 




Figure 6-13 Capacitive effect of conductors in a metallic raceway. 
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Power lines on poles have a capacitive effect between conductors 
and conductors and ground. We have not as yet touched on power 
factor and inductive loads, but it may not be wrong to mention a 
case where we served a town 40 miles away from the power plant by 
a 44,000-volt transmission line. The load in the town was, of 
course, slightly inductive (opposing changes of current) in nature 
and usage in that era was light compared with that of this day and 
age. The line and load at the power plant showed a predominance of 
capacitance (opposing change of voltage). This was due to the 
capacitance of the line being greater than the inductance of the load. 
Of course, this changed as the load in the town built up. 

Finally, you should observe that whenever you have occasion to 
contact both terminals of a capacitor of any size, always short-out 
the two terminals before touching them, to discharge the capacitor, 
lest you receive a severe shock. 

Formulas 

Q Charge 

C = — or Capacitance = . , — 

t Potential Difference 

2.24 X k X A 

C = 7 

s X 10 7 

Capacitors in parallel: 



Cj + C 2 + C 3 + C 4 + 
Capacitors in series: 



1 

1 b 

C, C 2 




= Total C or C t 




Questions 

1. Define (a) potential, (b) capacitance. 

2 . What is the relation of electrical charge to electrical capaci- 
tance and potential? Express this by mathematical formula 
and in your own words. 

3. What are the necessary parts of a simple capacitor? 

4. Upon what three things does the capacitance of a capacitor 
depend? Explain how a change in each affects the capacitance 
of a capacitor. 
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5 . A body possesses a fixed quantity of charge. If the capacitance 
is increased, what will be the effect on the potential? 

6 . Where do the charges reside in a capacitor? Give proof. 

7 . What is the purpose of metal plates in a capacitor? 

8 . Describe the construction of a Leyden jar. 

9 . Mention a number of the better dielectrics. 

10. Explain the construction of any standard form of a capacitor. 
What materials are used and what are their advantages? 

1 1 . A capacitor is made up of 54 sheets of tinfoil, each 10 inches 
long and 6 inches wide, which are separated by sheets of 
waxed paper of dielectric constant of 2.25 and have a thick- 
ness of 0.008 inch. Alternate sheets of tinfoil are connected to 
one terminal of the capacitor and the remaining sheets of tin- 
foil are connected to the other terminal. Find the capacitance 
of the capacitor. (Ans: 0.22 /cF.) 
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Resistance 



In the latter part of Chapter 1 a short discussion on insulators and 
conductors was given. It was stated that there is no perfect insula- 
tor. Also, a few metals in the order of their conductivity appeared, 
if you wish to refer back to this part. 

The word resistance comes from resist, meaning to oppose. We 
may compare it to the friction of liquids flowing in pipes (see 
Figure 7-1). We have two water pipes, one Vi inch in diameter and 
one 1 inch in diameter, both connected to the same source of water 
and both receiving the same water pressure. The flow will be far 
less out of the Vi-inch pipe than out of the l-inch pipe due to more 
friction (restriction) in the smaller pipe. The basic principle is the 
same for conductors and resistance: Smaller conductors have more 
resistance and less current-carrying capacity than larger conductors 
of the same material. 




The electrical current through a conductor will have a loss of 
power and a drop of voltage. The current value squared times the 
ohmic resistance (I 2 R loss) is the power loss, and the current (I) 
times the resistance ( R ) is IR, or the drop in potential, which are 
both the results of current flowing through resistance. (Refer to 
Chapter 2 for definitions.) The unit of resistance is referred to as an 
ohm (II). Conductivity (G) is in mhos, which is the reciprocal of the 
resistance unit (1/R = G). 

Thus, if a circuit has a resistance of 15 ohms, its conductivity is 
the reciprocal of 15 ohms, or 1/15 mho. 

When current flows through resistance, heat is produced in the 
form of I 2 R or power loss in watts. In many cases this is a loss that 
we attempt to keep to a minimum, while in other cases we make use 
of this loss. 
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In an electric heater, high-resistance wires are used on purpose to 
get a high PR loss or heat. In the incandescent lamp, high-resistance 
filaments are used, which heat to a white heat-producing light. 

In circuits for carrying electrical currents to the point of use, the 
resistance should be kept low, as our purpose is to use the electrical 
current at the far end of the circuit and any losses in the conductors 
in this circuit, whether IR drops or I 2 R losses, are purely losses. 
One could think of, say, the cost of carrying the current from one 
point to another. 

Again, in electronic circuits, resistances are used to drop voltages 
purposely or to limit currents. From this, one may readily see that 
resistance may be useful or detrimental. 

In Chapter 2 the definition of an ohm is given. Also, prefixes 
such as micro, milli, mega, etc., are also given. You may refer back 
to these, as terms such as megohms, milliamperes, etc., will often be 
referred to as we progress. 

Many factors affect the resistance of a conductor. Here are the 
primary ones: 

1 . The resistance of a conductor is directly proportional to its 
length; thus, using R 1 and L 1 for one conductor and R 2 and 
L, for the other conductor, you will get a proportion such as 
Rj : R 2 = L 1 : L r For example, suppose R 1 = 10 ohms, R 2 = 
20 ohms, L 1 = 200 ft, and L 2 = x. Then 

10 : 20 = 200 : x 

From arithmetic, the product of the means equals the product of 
the extremes. So, 

20 X 200 = lOx 
4000 = lOx 
x = 400 ft 

2 . The resistance of a conductor is inversely proportional to its 
cross-sectional area. Using R 1 and A 1 for one conductor and 
R 2 and A, for the other conductor, we have R 1 : R 2 = A 2 : A y 
Shortly you will find that the cross-sectional area of a round 
conductor is proportional to the square of the diameter, so we 
will substitute d 1 (diameter squared) for A (cross-sectional 
area). Thus, 



Ri- Ri — d\ : d\ 
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For example, if R 1 = 4 ohms, R 2 = x, d 2 = 0.20 inch, and d l = 
0.05 inch, then 

4 : x = 0.20 2 : 0.05 2 
4 : x = 0.04 : 0.0025 
0.04x = 0.01 
x = 0.25 ohm 

3 . The resistance of a conductor of a given length and cross- 
sectional area depends upon the material of which it is com- 
posed. Thus, iron has approximately six times the resistance 
of copper; so if both the copper conductor and the iron con- 
ductor are the same cross-sectional area and length, the iron 
will have six times the resistance of the copper. 

4 . Temperature affects resistance. This has several aspects. All 
pure metals increase in resistance with an increase in temper- 
ature, but this increase is not linear. With copper the resis- 
tance increases approximately Vs of 1 percent for each degree 
rise in Fahrenheit above room temperature. 

There are alloys that don’t change resistance much with changes 
in temperature. These are said to have a zero temperature coefficient. 

There are materials available, such as carbon, liquids, and insu- 
lation materials, that have a negative temperature coefficient. 

In dealing with resistances, the term ohm/CM-foot will be of 
interest. This is read “ohms per circular-mil foot.” 

At this point a circular mil will be defined. A mil is defined as 
1/1000 of an inch. A circular mil, therefore, can be defined as being 
the area of a circular conductor that has a diameter of 1 mil or 
1/1000 inch. It is quite important to note this definition because in 
discussions concerning conductors, the term circular mils will be 
used quite frequently. 

If the diameter of a round conductor is 0.003 inch, or 3 mils, or 
3/1000 inch, then the cross-sectional area is 3 X 3 = 9 circular mils. 
Again, if a round conductor is 25 mils or 25/1000 inch in diameter, 
then its area is 25 X 25 = 625 circular mils. Thus, the cross- 
sectional area of a round conductor in circular mils is equal to the 
square of the diameter in mils. 

See Table 7-1, covering the American Wire Gauge (AWG), which 
is sometimes termed B&S Gauge. 

A round conductor 3 mils in diameter will be 3 X 3 = 9 circular 
mils in cross-section. Figure 7-2 illustrates the difference between 
square mils and circular mils. Here there are nine round conductors 
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Table 7-1 American Wire Gauge for Solid 
Copper Conductors 



Size 

AWG 


Wire 

Diameter (In) 


Cross-Sectional Area 
(Circular (Square- 

Mils) Inch) 


DC Resistance: 
Soft Copper Max. 
Res. per 1 000 Ft 
at 20°C (Ohms 
per 1000 Ft) 


4/0 


0.4600 


211,600 


0.1662 


0.04993 


3/0 


0.4096 


167,800 


0.1318 


0.06296 


2/0 


0.3648 


133,100 


0.0145 


0.07939 


1/0 


0.3249 


105,400 


0.08289 


0.1001 


1 


0.2893 


83,690 


0.06573 


0.1262 


2 


0.2576 


66,379 


0.05213 


0.1592 


3 


0.2294 


52,634 


0.04134 


0.2007 


4 


0.2043 


41,472 


0.03278 


0.2531 


5 


0.1819 


33,100 


0.02600 


0.3192 


6 


0.1620 


26,250 


0.02062 


0.4025 


7 


0.1443 


20,820 


0.01635 


0.5075 


8 


0.1285 


16,510 


0.01297 


0.6400 


9 


0.1144 


13,090 


0.01028 


0.8070 


10 


0.1019 


10,380 


0.008155 


1.018 


11 


0.09074 


8234 


0.006467 


1.283 


12 


0.08081 


6530 


0.005129 


1.618 


13 


0.07196 


5178 


0.004067 


2.040 


14 


0.06408 


4107 


0.005225 


2.573 


15 


0.05707 


3257 


0.002558 


3.244 


16 


0.05082 


2583 


0.002028 


4.091 


17 


0.04526 


2048 


0.001609 


5.158 


18 


0.04030 


1624 


0.001276 


6.505 


19 


0.03589 


1288 


0.001012 


8.202 


20 


0.03196 


1022 


0.0008023 


10.34 


21 


0.02846 


810.1 


0.0006363 


13.04 


22 


0.02535 


642.5 


0.0005046 


16.45 


23 


0.02257 


509.5 


0.0004001 


20.74 


24 


0.02010 


404.0 


0.0003173 


26.15 


25 


0.01790 


320.4 


0.0002517 


32.97 


26 


0.01594 


254.1 


0.0001996 


41.58 


27 


0.01420 


201.5 


0.0001583 


52.43 


28 


0.01264 


159.8 


0.0001255 


66.11 
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Table 7-1 (continued) 



Size 

AWG 


Wire 

Diameter (In) 


Cross-Sectional Area 
(Circular (Square- 

Mils) Inch) 


DC Resistance: 
Soft Copper Max. 
Res. per 1 000 Ft 
at 2 0°C (Ohms 
per 1000 Ft) 


29 


0.01126 


126.7 


0.00009954 


83.37 


30 


0.01003 


100.5 


0.00007894 


105.1 


31 


0.008928 


79.70 


0.00006260 


132.6 


32 


0.007950 


63.21 


0.00004964 


167.2 


33 


0.007080 


50.13 


0.00003937 


210.8 


34 


0.006305 


39.75 


0.00003122 


265.8 


35 


0.005615 


31.52 


0.00002476 


335.2 


36 


0.005000 


25.00 


0.00001963 


422.6 


37 


0.004453 


19.83 


0.00001557 


532.9 


38 


0.003965 


15.72 


0.00001235 


672.0 


39 


0.003531 


12.47 


0.000009793 


847.4 


40 


0.003145 


9.888 0.000007766 


1069 




Figure 7-2 Comparative 
illustration of 9 circular mils and 
9 square mils. 



of 1 mil diameter all in a square of 3 mils per side, or 9 square mils, 
with the circle inscribed within the square having a diameter of 3 
mils or an area of 9 circular mils. Thus, obviously, 9 square mils is 
larger than 9 circular mils. 

The nine small 1-mil circles touch the square, but there are voids 
created. The area of a circle is irr 2 , or Trd z /4 (diameter squared). 
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Note that ttc1 2 /4 = 0.7854d 2 . Thus, the area of the nine small circles 
is 0.7854 X (1 mil) 2 X 9 = 7.0686 square mils. From this, the area 
of the large circle is equal to the total area of the nine small circles, 
and you also see that the area of a circle 3 mils in diameter is 
0.7854 of the square that is 3 mils per side. 

In order to convert a unit of circular-mil area into its equivalent 
area in square mils, the circular-mil area must be multiplied by tt/4 
or 0.7854, which is the same as dividing by 1.273. Conversely, to 
convert a unit area of square mils into its equivalent in circular 
mils, the square mils should be divided by 0.7854, which is the 
same as multiplying by 1.273. The above relations may be written 
as follows: 



Square Mils = Circular Mils X 0.7854 = C "' cula ^ Mlls 
4 1.273 

Square Mils 

Circular Mils = — 7854 — = Square Mils x 1-273 

See Figure 7-3. 

From the above, a rectangular area such as a bus bar may have 
its area computed in square mils and then an easy conversion may 
be made to circular mils to arrive at current-carrying capacities 
(ampacities). 






Figure 7-3 Enlarged view of a circular mil and a square mil for direct 
comparison. 



A circular mil-foot is the cylindrical conductor that is 1 foot in 
length and 1 mil in diameter. The resistance of such a unit of copper 
has been found experimentally to be 10.37 ohms at 20°C; this is 
normally considered to be 10.4 ohms. See Figure 7-4. A circular 
mil-foot of copper at 20°C offers 10.4 ohms’ resistance; at 30°C, it 
is 11.2 ohms; at 40°C, it is 11.6 ohms; at 50°C, it is 11.8 ohms; at 
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RESISTANCE = 10.370@20°C 
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Figure 7-4 Dimensions and resistance of I mil-foot of round 
copper conductor. 



60°C, it is 12.3 ohms; and at 70°C, it is 12.7 ohms. In voltage-drop 
calculations (IR loss), the quantity 12 ohms is very often used as the 
constant; so, unless otherwise specified, this is the constant that we 
will be using. It takes into consideration higher temperatures and 
thus gives a safety factor, such as for resistance of connections. 

Table 7-2 gives ohms per circular mil-foot of a number of con- 
ductors. From Table 7-2 it is found that at 20°C the resistance of 1 
circular-mil foot of annealed copper is 10.4; of aluminum, it is 
17.0; of iron, 60.2; and of Nichrome, 660. From this it is found 
that aluminum has 1.63 times the resistance of copper, all other 
considerations being equal. Iron has six times the resistance of cop- 
per, and Nichrome has 63.5 times the resistance of copper. 



Table 7-2 Specific Resistances (Resistivities) ofVarious 
Conductors at 20°C (68°F) 



Conductor 


Ohms per 
Circular-Mil Foot 


Ohm-Cm X 10 6 


Aluminum 


17.0 


2.62 


Carbon (graphite approx.) 


4210.0 


1400 


Constantan (Cu 60%; Ni 40%) 


295.0 


44.2 


Copper (annealed) 


10.4 


1.7241 


Iron (99.98% pure) 


60.2 


9.71 


Lead 


132.0 


21.9 


Manganin (Cu 84%; Ni 4%; 
Mn 12%) 


264.0 


44 


Mercury 


576.0 


21.3 


Nichrome (Ni 60%; Cr 12%; 
Fe 26%; Mn 2%) 


660.0 


100 


Platinum 


59.5 


10.5 


Silver 


9.9 


1.62 


Tungsten 


33.1 


5.48 


Zinc 


36.7 


6 
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This gives a better understanding of why Tables 310.16 through 
310.31 in the National Electrical Code require larger sizes of alu- 
minum conductors than copper conductors of the same ampacity 
(current-carrying capacity). 

Indeed, the resistance R of a cylindrical conductor is propor- 
tional to its length L and inversely proportional to its cross- 
sectional area A. This may be written as 




where p (Greek letter “rho”) is the coefficient of proportionality 
and is called the resistivity of the material. Solving the above equa- 
tion for p, we get p = RA/L, which may be written as follows: 

R 

p ~Ua 

Thus, resistivity is expressed in ohms per unit length per unit area. 
Here is where the term “ohms per circular-mil foot” is used for resis- 
tivity p, when R is given in ohms, L in feet, and A in circular mils. 

When the length L is the one-way distance for both the lead and 
return conductors, the following formula must be used: 

2 pL 

r --t 

This is because the total length of conductor must be employed. 
This formula is for DC and single-phase AC circuits. 

Example 

What is the resistance of a 500-ft circuit of No. 4 copper conduc- 
tor? Take p= 12 for copper and p = 18 for aluminum. 

In this case, A = 41,472 CM (from Table 7-1) and p = 12. So 



2 X 12 X 500 
41,742 



0.29 ohm 



is the resistance of the circuit. 

The preceding formula for resistance may be manipulated to give 
the cross-sectional area: 

„_ 2 P L 



where A is usually expressed in circular mils. 
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Example 

Suppose it is desired to have a copper conductor of 0.5 ohm resis- 
tance, the total length of which is 2000 feet (1000 feet one way). 
What must be the total cross-sectional area? What size conductor 
will be required? 

From the preceding formula, 



2 pL _ 2 X 12 X 1000 
~R~ ~ 05 



48,000 CM 



From Table 7-1, No. 4 wire has a cross-sectional area of 41,472 
CM and No. 3 has a cross-sectional area of 52,634 CM. Since 
41,472 is less than 48,000, No. 3 AWG must be selected. 

The preceding formula may be transposed to solve for the 
length L: 



where L is the conductor length in feet, one way. 

Notice that Table 7-2 also gives resistivities in ohm-centimeters 
times 10~ 6 . This is simply for calculations in which L and A are 
expressed in centimeters. We won’t be using calculations such as 
these, but they are used to some extent in other literature and this 
table may be of value for that purpose. 

Skin Effect 

AC calculations have not been covered, but for future reference, 
when AC flows through a conductor, an inductive effect occurs, 
which tends to force the current to the surface of the conductor. 
This produces an additional voltage loss and also affects the cur- 
rent-carrying capacity of the conductor. For open wire or wires in 
nonmetallic-sheathed cable or metallic raceways, the skin effect is 
negligible until size No. 2 AWG is reached. At this point the NEC 
gives multiplying factors for conversion from DC to AC resistance. 
Please note that there is a different factor for copper and aluminum 
conductors. See Table 7-3. 

Conductivity 

Conductivity is the ability of a material to conduct currents. It is the 
reciprocal of resistivity. Table 7-4 lists the conductivity of some 
metals, with silver taken as 100 percent conductive. 
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Table 7-3 (Table 9 of the NEC) Multiplying Factors for 



Converting DC Resistance to 60-Hz AC Resistance 



Size 




Multiplying Factor 




For Nonmetallic Sheathed 
Cables in Air or 
Nonmetallic Conduit 


For Metallic Sheathed 
Cables or all Cables 
in Metallic Raceways 


Copper 


Aluminum 


Copper 


Aluminum 


Up to 3 AWG 


1 


1 


1 


1 


2 AWG 


1 


1 


1.01 


1.00 


1 AWG 


1 


1 


1.01 


1.00 


0 AWG 


1.001 


1.000 


1.02 


1.00 


00 AWG 


1.001 


1.001 


1.03 


1.00 


000 AWG 


1.002 


1.001 


1.04 


1.01 


0000 AWG 


1.004 


1.002 


1.05 


1.01 


250 MCM 


1.005 


1.002 


1.06 


1.02 


300 MCM 


1.006 


1.003 


1.07 


1.02 


350 MCM 


1.009 


1.004 


1.08 


1.03 


400 MCM 


1.011 


1.005 


1.10 


1.04 


500 MCM 


1.018 


1.007 


1.13 


1.06 


600 MCM 


1.025 


1.010 


1.16 


1.08 


700 MCM 


1.034 


1.013 


1.19 


1.11 


750 MCM 


1.039 


1.015 


1.21 


1.12 


800 MCM 


1.044 


1.017 


1.22 


1.14 


1000 MCM 


1.067 


1.026 


1.30 


1.19 


1250 MCM 


1.102 


1.040 


1.41 


1.27 


1500 MCM 


1.142 


1.058 


1.53 


1.36 


1750 MCM 


1.185 


1.079 


1.67 


1.46 


2000 MCM 


1.233 


1.100 


1.82 


1.56 



Table 7-4 Conductivity of Metals 



Silver 


100% 


Iron 


16% 


Copper 


98% 


Lead 


15% 


Gold 


78% 


Tin 


9% 


Aluminum 


61% 


Nickel 


7% 


Zinc 


30% 


Mercury 


1% 


Platinum 


17% 
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A statement was previously made that iron has six times the 
resistance of copper, which is arrived at by dividing 16 percent 
(iron) into 98 percent (copper). With aluminum, divide 61 percent 
into 98 percent (copper) and you find that aluminum has 1.6 times 
the resistance of copper. 

There is another item — superconductivity — that would be good 
to remember. Certain metals show a remarkable drop in resistance 
at very low temperatures. This condition is known as supercon- 
ductivity. 

A Dutch physicist, H. Kamerlengh Omnes, as early as 1914 
reported a 1-hour test in which current was produced in a 
lead ring at a very low temperature, and then the source of emf was 
removed. The current in the lead ring continued without apprecia- 
ble reduction throughout the test. It was found that at — 266°C, the 
resistance of lead is less than 10~ 12 of its value at 20°C. This is 
1/1,000,000,000,000 of its resistance at 20°C. 

This phenomenon has been observed in other metals and alloys. 
It is not our intent to put special importance on superconductivity, 
but findings are often experimental at the time of discovery, and 
then play a very important role later in the applications of use. 

Voltage-Drop Calculation 

In previous discussions it was found that IR drop (voltage) in cir- 
cuits is sometimes detrimental and results in I 2 R loss (power), 
resulting in heating that is not put to any real use. 

Formulas will be given to calculate voltage drop. There are many 
tables available for calculating voltage drop, but if the basic theory 
is mastered, then these tables will have more meaning to you. 

In Chapter 5, it was stated that E = IR. In Table 7-1, the circular- 
mil area of the various sizes of AWG conductors is listed. This table 
is not always at your fingertips and the circular-mil area of conduc- 
tors is used in most of the following formulas. Therefore, it is sug- 
gested that the CM area of No. 10 be remembered: It is 10,380 
CM. From this figure the entire table of CM area is at your finger- 
tips, with a little effort, i.e., wire three sizes removed doubles or 
halves in area. Thus, No. 7 is 20,800 CM, or double that of No. 10, 
and No. 13 is 5180 CM, or half that of No. 10. Ten sizes removed 
is 10 times the area or Vio of the area. Thus, No. 20 is 1020 CM, or 
Vio that of No. 10, and No. Vo is 105,400 CM or 10 times that of 
No. 10. Granted that these figures are not exactly the same as in 
Table 7-1, but they are close enough for all practical purposes. 

The National Electrical Code tells us (see Audel’s Guide to 
the NEC) that 3 percent is the allowable voltage drop for feeds and 
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5 percent is the maximum voltage drop for the combination of feeder 
and branch circuits. 

We may calculate voltage drops in conductors by taking the 
equation R = 2pL/A and multiplying by I: 



E d = IR = 



2 pLI 
A 



and 



A = 



2 pLI 

~e7 



Example 

A certain motor draws 22 amperes at 230 volts and the feeder cir- 
cuit is 150 feet in length. If No. 10 copper conductors are selected, 
what would the voltage drop be? Would No. 10 conductors be 
permissible for the 3 percent maximum voltage drop allowed by 
the NEC? 



2 X 12 X 150 X 22 
10,380 



79,200 

10,380 



7.63 volts 



However, 230X0.03 = 6.90 volts, which is the voltage drop 
permitted by the NEC for feeders, so No. 10 conductors wouldn’t 
be large enough. The next larger size would be the proper selection. 

In the Appendix, you will find a table to determine volt loss in 
copper conductors in iron and nonmagnetic conduits; you will also 
find a similar table for aluminum conductors. 



Measuring Conductors 

In measuring the diameter of conductors, there are two very popular 
instruments used. One is the wire gauge, illustrated in Figure 7-5. 
The other is the micrometer (Figure 7-6), which measures one-thou- 
sandths of inches and fractions thereof. 

Many conductors are composed of stranded conductors. The 
total of the circular mils of the strands equals the total circular mils 
of the conductor. Conductors are stranded mostly for flexibility 
and ease of pulling into raceways. This is especially true of the 
larger sizes of conductors, such as No. 8 and larger. 
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Figure 7-5 Standard wire gauge. 



Figure 7-6 Micrometer. 



Questions 

1 . What losses occur in conductors when electrical currents flow 
through them? 

2 . What is an ohm? 

3. What is a mho? 

4. How many ohms in a megohm? 
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5 . The resistance of a conductor is directly proportional to its 

6 . The resistance of a conductor is inversely proportional to its 

7 . Does temperature affect the resistance of copper conductors? 

8 . What is a circular mil? 

9 . Give a formula for changing circular mils to square mils. 

10. Give a formula for changing square mils to circular mils. 

1 1 . What is designated by rho? 

12. Give the symbol for rho. 

13. What is skin effect? 

14. Give the conductivity of the following metals, as compared to 
silver: copper, gold, Nichrome, aluminum, and iron. 

15. Explain superconductivity. 

16. Give the voltage-drop formula for DC circuits. 




Chapter 8 

Resistance in Series and Parallel 

A series circuit is one in which all the electrical devices and compo- 
nents are connected end to end so that the same current flows through- 
out the circuit. Such an electrical circuit is illustrated in Figure 8-1. In 
Figure 8-1, there are five resistors connected in series with a source of 
electrical energy, which in this case will be shown as the battery B. 



50 



Figure 8-1 Series resistive circuit. 




Resistances in Series 

There are rules governing resistances in series, which are as follows: 

1 . The total resistance in a series circuit is equal to the arithmetic 
sum of the resistances of the individual resistors in the series 
circuit; e.g., in Figure 8-1, we have five resistors in series, 
namely, R v R 2 , R 3 , R 4 , and R y The resistance of the individual 
resistors are R 1 = 10 ohms, R 7 = 15 ohms, R, = 5 ohms, R 4 = 
25 ohms, and R^ = 20 ohms. Thus, to arrive at the total resis- 
tance of this series circuit, we add all five individual resistances: 
10 + 15 + 5 + 25 + 20 = 75 ohms, that is, R t = 75 ohms. 

2 . The voltage drop in a series circuit equals the sum of the volt- 
age drops of the resistors in series, and this in turn equals the 
voltage of the supply source. Also, the sum of the voltage drops 
across the individual resistors will be the same as the voltage 
drop across all resistors in the series circuit. 

3. The current in a series circuit is the same throughout the 
entire circuit. 
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Now for rules 2 and 3, make use of Ohm’s law: £ = IR. It was 
found in (1) that R = 75 ohms and the source voltage is given as 
150 volts, so I = E/R, or I = 150/75 = 2 amperes, and this 2 
amperes flows through all five resistors. Further, the voltage drop in 
each resistor is as follows: 

= I X R x = 2 X 10 = 20 volts 

£, = I X R 2 = 2 X 15 = 30 volts 

£ 3 = /X_R 3 = 2X5 =10 volts 
£ 4 = I X R 4 = 2 X 25 = 50 volts 

£ 5 = I X R s = 2 X 20 = 40 volts 

total = 150 volts 

This proves that the total voltage drop is equal to the sum of the 
voltage drops across the resistors and this total must equal the volt- 
age of the electrical source. 

Resistances in Parallel 

A parallel circuit is also known as a multiple circuit or a shunt cir- 
cuit. Figure 8-2 illustrates such a circuit. 




Figure 8-2 Parallel resistive circuit. 



Again, as for series circuits, we have rules governing parallel 
circuits: 

1 . The total resistance of the combined resistances in a parallel 
circuit is always less than the resistance of the lowest-value 
resistor in the parallel circuit. This will be calculated mathe- 
matically as proof. 

2 . The combined total resistance of a number of unequal resis- 
tances in parallel is equal to the reciprocal of the sum of the 
reciprocals of the individual resistances. 

We discussed the reciprocal of the sum of the reciprocals in 
Chapter 6 in studying capacitors. In Chapter 7 it was shown that 
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conductance (mhos) was the reciprocal of resistance, so the total 
resistance of parallel resistors will equal the reciprocal of the sum of 
the conductances of the resistors in the parallel circuit. 

Referring to Figure 8-2: R { = 10 ohms; R 1 = 15 ohms; R 3 = 5 
ohms; R 4 = 25 ohms; R s = 20 ohms. Now, to find the total resis- 
tance of the parallel circuit, we take the reciprocal of each resis- 
tance (the conductance G) and add these; thus, 

11111 

— + — + — + — -4- — 

10 15 5 25 20 

30 _20_ _60_ Y2_ 15 137 

~~ 300 + 300 + 300 + 300 + 300 “ 300 



Now the reciprocal of this answer is 300/137 = 2.189 ohms, 
which is the total resistance of this circuit. Note that the total 
resistance of a parallel circuit is less than the resistance of the 
smallest resistor in the circuit. (In this case the smallest resistor is 
5 ohms.) 



3 . The voltage drop across each resistor in a parallel circuit is the 
same as the supply voltage. The supply voltage in this case is 
150 volts, so each resistor receives 150 volts. 

4 . The total current (I t ) supplied by the source is equal to the 
supply voltage divided by the total resistance (R t ). In this cir- 
cuit we found R t = 2.189 ohms. Now let us check this, as the 
sums of the current in the resistors should equal I : 



h 

h 

h 

h 

Is 



E 

Ri 

E_ 

R~i 

E 

Y 

E 

Y 

E_ 

Ys 



150 

10 

150 

15 

150 

5 

150 

25 

150 

20 



= 15 amperes 
= 10 amperes 
= 30 amperes 
= 6 amperes 
= 7.5 amperes 



68.5 amperes total 
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The total resistance divided into the source voltage should give 
us the same current or amperage: 



E _ 150 
1 ~ R t ~ 2.189 



68.5 amperes 




R2> 20fi 



Figure 8-3 Calculation of two 
unequal resistances in parallel. 



5. The combined resistance of two unequal resistances in parallel 
is equal to their product divided by their sum. Using Figure 8-3, 



R, X R 2 
Rj + R 2 



5 X 20 
5 + 20 



100 

25 



4 ohms 



Checking this by the method in Rule 2: 1/5 + 1/20 = 20/100 + 
5/100 = 25/100, and the reciprocal of this fraction is 100/25 = 
4 ohms. 

6 . The combined resistance of any number of equal resistances 
in parallel may be found by dividing the resistance in one 
branch by the number of branches. See Figure 8-4. 

For the circuit in Figure 8-4, 10/5 = 2 ohms’ total resistance. 
Again, checking this by Method 2: 1/10 + 1/10 + 1/10 + 1/10 + 
1/10 = 5/10, and the reciprocal of 5/10 is 10/5 = 2 ohms. 




10Q Figure 8-4 Calculation of 
equal resistances in parallel. 
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Series-Parallel Circuits 

The next topic of discussion is the combination of series and paral- 
lel resistances. Refer to Figure 8-5. 

The first step is to analyze the circuit and see what parts may be 
combined to simplify the circuit. In Figure 8-5 the two branches are 
indicated as A and B, respectively. 



. r a 


r 2 


A 


' i 


-f+J 


10Q 




15Q ' 









R5 


1 

1 , 


300 




_3Q_ 


1 

B J 



m\* 

100V 



Figure 8-5 Series-parallel 
connection. 



Take A first. Here we have R p R ? , and R 3 in series, so we add the 
resistances: R A = R : + R, + R } = 5 + 10 + 15 = 30 ohms total in 
branch A. Also, I = E/R = 100/30 = 3.33 amperes in branch A. 
Now take branch B and find its total resistance: R 4 + R. + R B or 
30 + 3 = 33 ohms total in branch B. Now, I = E/R = 100/33 = 
3.03 amperes in branch B. This gives us 3.33 amperes in A plus 
3.03 amperes in B, or 6.36 amperes total. 

We apply 100 volts and R t = E/I f = 100/6.36 = 15.71 ohms is 
the total resistance of the entire circuit in Figure 8-5. 

Now, to check ourselves, R A = 30 ohms and R B = 33 ohms, so 



R-a X Rp, 
Ra + R-b 



30 X 33 _ 990 
30 + 33 “ 63 



15.71 ohms 



In Figure 8-6 different portions of the circuit have been enclosed 
within dashed lines and lettered for ease in following calculations. 

First, take A, which is three resistors in parallel, and find the 
total resistance of A: 1/15 + 1/10 + 1/3 = 2/30 + 3/30 + 10/30 = 
15/30, so 30/15 = 2 ohms R A total. 

Next, R a is in series with R c , so R A + R c = 2 + 5 = 7 ohms, 
which is for branches A and C combined. 

Next take branch B: 25 + 15 + 40 ohms, which is the total for 
B. Now we have the A-C combination in parallel with B, so since 
A-C is 7 ohms and B is 40 ohms, 




1 08 Chapter 8 




Ra-C X R-B 
Ra-C + Rb 



7 X 40 
7 + 40 



= 5.96 ohms total 



for the combination of A, B, and C. 

Now D is in series with this combination, so 10 + 5.96 = 15.96 
ohms as the total resistance of the entire circuit in Figure 8-6. 

The total current is I = E/R, so I = 150/15.96 = 9.40 amperes 
from the source. This indicates that the resistance in D carries 9.4 
amperes and this divides between branches A, C, and B. The volt- 
age drop across D is E = IR = 9.4 X 10 = 94 volts. Then 150 
volts - 94 volts = 56 volts as the voltage drop across the A, C, and 
B combination, or 56 volts drop across A-C, and the same 56 volts 
drop across B. 

To check these figures for current values, 

In A-C, I = E/R a - c = 56/7 = 8 amperes 
In B, I = E/R b = 56/40 = 1.4 amperes 

9.4 amperes 

This is the same value of current that was found for D — the 
answers check. 
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Questions 

1 . Define a series circuit. Sketch one. 

2 . Define a parallel circuit. Sketch one. 

3. Give a rule for combined resistance in a series circuit. What is 
the combined resistance of 50, 100, 10, 40, and 60 ohms in 
series? 

4. Give the rule for combining resistance of two unequal resis- 
tances in parallel. What is the combined resistance of 30 and 
50 ohms in parallel? 

5. Give the rule for the combined resistance of any number of 
equal resistances in parallel. What is the combined resistance 
of 15 lamps each of 105 ohms’ resistance in parallel? 

6 . Give a rule for the combined resistance of any number of 
unequal resistances in parallel. What is the combined resis- 
tance of 10-, 12-, 24-, 6-, and 8-ohm resistors in parallel? 

7. A resistance of 100 ohms is connected in parallel with another 
resistance of 120 ohms. These two are connected in series 
with a third resistor of 150 ohms, (a) What is the combined 
resistance of the three? (b) How much current will 200 volts 
deliver through the circuit? (c) How much current will the 
100-ohm resistor get? (d) How much current will the 120- 
ohm resistor get? (e) What will be the drop in potential across 
the two resistors in parallel? (f) What will be the drop in 
potential across the 150-ohm resistor? 




Chapter 9 

Electrolysis 

There are three classes of liquids: 

1 . Nonconductors (insulators), such as oils and turpentine. 

2 . Conductors, which pass electrical current without deteriora- 
tion. Mercury and molten metals are examples. 

3 . Those liquids that will decompose when conducting an elec- 
trical current. Dilute acids, solutions of metallic salts, and cer- 
tain fused solid compounds are of this kind. 



Terminology 

The liquids of class 3 are of interest because the electricity is trans- 
ferred through these liquids by carriers that are called ions. The liq- 
uid is called the electrolyte. The transfer of ions is termed 
electrolysis. The apparatus used is termed the electrolytic cell. The 
plates immersed in the electrolyte, for the purpose of current entry 
and exit, are termed electrodes. 

The electrode through which the current enters the electrolyte is 
called cathode. The electrode through which the current leaves the 
electrolyte is called the anode. See Figure 9-1, which illustrates the 
nomenclature used with an electrolytic cell. 
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Chemistry of Electrolysis 

The electrolyte will dissociate into positive (+) and negative (-) 
ions. The positive ions are attracted to the cathode and the negative 
ions are attracted to the anode. See Figure 9-2. 



{+) (A) (C)H 




Figure 9-2 Conduction of hydrogen and oxygen ions in an electrolytic cell. 



Water is usually used as the base for the electrolyte, with acids or 
metallic salts added to it. Hydrochloric acid (HC1) is often used as 
the additive to water (H 2 0) as the base. The hydrochloric acid dis- 
sociates into positive hydrogen ions and negative chloride ions. 
This may be written in the equation 

HCL = H + + CL 

See Figure 9-3. Ionization in no manner changes the properties of 
the atoms. Hydrogen ions, such as H + , will affect such chemical indi- 
cators as litmus paper, while hydrogen gas (H 2 ) won’t affect litmus. 




CATHODE 
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Probably the simplest electrolysis might be the electrolysis of 
water (see Figure 9-4). Water is composed of two parts of hydrogen 
and one part of oxygen (H,0). A jar is filled with water to which a 
little sulfuric acid (H 2 S0 4 ) has been added. Two test tubes are filled 
with water and inverted into the electrolyte. An electrode of plat- 
inum is inserted into the down end of each test tube. These elec- 
trodes are connected to a battery, as illustrated in Figure 9-4. As the 
current passes through the water, it is broken down into two parts 
of hydrogen (FT) in the right-hand test tube and into one part of 
oxygen (O) in the left-hand test tube. The right-hand test tube will 
have the water replaced in it twice as fast as in the left-hand tube, 
illustrating the one and two parts just mentioned. 




The following will give you a better idea of the mechanics of 
the electrolysis of water. The letter e in the formulas will represent 
the negative electronic charge. As shown in Figure 9-2, the H + 
ions are attracted to the cathode. The sulfuric acid will also have 
H + ions and S0 4 = ions. The H + ions drift to the cathode and the 
S0 4 = ions, with two electrons, drift to the anode. 

Each H + ion, upon reaching the cathode, combines with an elec- 
tron there, forming a hydrogen atom, and the atoms combine to 
form a molecule and escape as hydrogen gas. The equation for this is 

2H + 2e — » H 2 T 

in which the upward arrow represents the release of hydrogen into 
the test tube. 
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The S0 4 = ions, when they reach the anode, give up their electrons 
and combine with water to form more H,S0 4 and also liberate oxy- 
gen as a gas into the left-hand test tube. The formula for this is 

2S0 4 = - 4e + 2H 2 0 -> 4H + + 2S0 4 = + 0 2 t 

v ^ / 

2H 2 S0 4 

Thus the water is being divided into two parts hydrogen and one 
part oxygen, as shown in Figure 9-4. 

Electroplating 

Just a word or two should be said about electroplating, since it is a 
form of electrolysis. 

In electroplating, metallic ions are deposited on the cathode, 
plating it. The anode is composed of the same metal of which we 
wish the plating to be. Thus an anode of silver is used when silver 
plating and an anode of copper is used when copper plating. 

The electrolyte varies with the plating being done. For copper 
plating, blue vitriol (copper sulfate) would be used. 

Corrosion 

Corrosion is the deterioration of metal by chemical or electrochem- 
ical reaction (electrolysis) with its environment. Moisture and oxy- 
gen are essential for corrosion. An acid or alkaline solution will 
accelerate the action. 

The National Electrical Code, Section 344.10(B) requires that 
metallic conduit not be buried in earth or concrete unless additional 
corrosion protection is used. Metal conduits in earth will often cor- 
rode away, due to electrolysis caused by moisture, acids, and alkalis 
in the soil. 

Table 9-1 gives the galvanic series (in part), detailing which met- 
als are most affected and which are least affected by electrolysis. 
The upper end is least noble or anodic, and as you will recall, the 
anode in electroplating gives up its metal to the cathode. 

The essentials for electrolysis are moisture, soil alkalinity or 
acidity, and the presence of two dissimilar metals. The least noble 
metal will be corroded away by the most noble metal. 

In the days of DC-operated electric streetcars, the corrosion of 
water mains was a problem. One day the rails were made the cath- 
ode (-); this would corrode the water pipes. The next day the rails 
were made the anode (+) and this would make the pipe the cathode, 
thus putting back the metal removed. 
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Table 9-1 Galvanic Series of Metals 



Corroded End — Least Noble (Anodic) 


Potassium 


Inconel (active) 


Sodium 


Brasses 


Magnesium 


Copper 


Magnesium alloys 


Bronzes 


Zinc 


Copper-Nickel alloys 


Aluminum 2S 


Monel 


Cadmium 


Silver Solder 


Aluminum 17 ST 


Nickel (passive) 


Steel or iron 


Inconel (passive) 


Cast iron 


Chromium-iron (passive) 


Chromium-iron (active) 


18-8 Stainless (passive) 


Ni-resist 


18-8-3 Stainless (passive) 


18-8 Stainless (active) 


Silver 


18-8-3 Stainless (active) 


Graphite 


Lead-Tin Solders 


Platinum 


Lead 


Gold 


Tin 

Nickel (active) 


Protected End — Most Noble 
(Cathodic) 



The streetcar item was put in here for a point. Often AC is 
accused of causing corrosion of water pipes by using them for 
grounding purposes. This just can’t be, as with 60-Hz current the 
direction of flow changes 120 times per second. Thus, one 1/120 of 
a second the grounding is a cathode, but the next 1/120 of a second 
it is an anode. Extensive tests have been run, and all the blame for 
corrosion from AC grounding has always come up as being without 
foundation. 

An interesting case of corrosion is a galvanized (zinc-covered) 
hot-water tank in a home that corroded out in one year. The ground 
rod for the electric system was blamed. What really happened was 
that the heating system was hot water with a copper coil immersed 
in the hot-water system and then in turn going to the hot-water 
tank. Looking at Table 9-1, we find that copper is more noble than 
zinc. The answer was to put insulated couplings between the copper 
coil and the hot-water tank, or a sacrificial anode, such as magne- 
sium, in the water tank. 
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Corrosion (electrolysis) is also the reason that aluminum shouldn’t 
be directly connected to copper. The copper will, in plain words, eat 
the aluminum. This is electrolysis, and moisture and oxygen will 
hasten the problem. 

Another problem of electrolysis is due to battery action, or local 
electrolysis set up by impurities in metals or coatings of metals 
buried in the earth. See Figure 9-5. The impurities in the zinc coat- 
ings or in reclaimed metals set up battery action, or local currents 
around the impurity, and electrolysis takes place, causing the pipe 
or other surface to wind up with holes in it. 



0 © 




IMPURITIES 






GALVANIZED CONDUIT 

Figure 9-5 Local corrosion by battery action (electrolysis). 






Questions 

1 . Which of the three classes of liquids are we concerned with in 
electrolysis? 

2 . What is the electrolyte? 

3. What is the term for the transfer of ions? 

4. What are the plates used for passing current into an electrolytic 
cell called? 

5. Does the current enter or exit from the cathode of an elec- 
trolytic cell? 

6 . What two kinds of ions are associated with electrolysis? 

7. Give the chemical formulas for electrolysis of water, using a 
weak solution of sulfuric acid in the electrolyte. 

8 . In your own words, explain the process of electroplating. 

9. What is corrosion? 

10. In the galvanic series, what does “most noble” indicate? 

1 1. In the galvanic series, what does “cathodic” indicate? 

12. Explain battery action, as it pertains to electrolysis. 




Chapter 10 

Primary and Secondary Cells 

When two different metals are placed in contact with one another 
in air, one metal becomes positive and the other negative. This 
charge is very feeble. 

The Voltaic Cell 

Volta, a professor at the University of Pavia, experimented with this 
phenomenon. He took discs of zinc and copper, placed them in a 
pile alternately, and separated them with felt discs saturated with 
vinegar or other dilute acid. Such a stack is capable of giving a 
shock and will continue to do so as long as the felt discs are kept 
moist. 

A small voltaic cell, which is named in honor of Volta, is shown 
in Figure 10-1. The zinc element or electrode, when immersed in 
the acid, starts to dissolve, leaving its electrons behind and the zinc 
goes into solution as Zn ++ ions. This action stops very shortly, as 
the zinc plate becomes negative and ceases to throw off positive 
ions. The amount of zinc thus dissolved is very minute. 




If the negative zinc plate is connected externally by a wire to the 
copper plate, an electrical current will flow from the negative zinc 
plate through the external wire to the copper plate (positive). As the 
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negative charge of the zinc plate is thus removed, more Zn ++ ions go 
into the solution; thus more electrons go on the zinc plate and the 
energy of the dissolution of the zinc into the acid is converted into 
electrical energy. 

What about the copper plate? The same action occurs with the 
copper plate. Cu ++ ions are given into the solution, leaving the cop- 
per plate negative also. 

These two negative charges from the zinc and copper are 
unequal in quantity, as illustrated in Figure 10-2. The copper plate 
has a potential of 0.81 V and the zinc plate a potential of 1.86 V, 
both negative. Now 1.86 — 0.81 = 1.05 V in favor of the zinc plate. 
So when the circuit is closed, as in Figure 10-1, the current flows 
from the zinc to the copper, through the resistor. 

Actually, one may say the difference of potential between the 
plates is a measure of the difference of their tendencies to oxidize. 




Figure 10-2 Difference in 
potential of the plates. 



You have noticed that this apparatus was called a voltaic cell. 
One such unit is a cell. If more than one is connected in series or 
parallel, the combination becomes a battery. See Figure 10-3. 



-H-I'M* 



(A) Cells in series. 




(B) Cells in parallel. 



Figure 10-3 A battery. 
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Primary Cells 

In a cell there must be two metals that differ in that one oxidizes 
more readily than the other. Note that in Figure 10-1 the zinc is 
called the positive element and the copper is called the negative ele- 
ment. Now refer to Table 9-1, “Galvanic Series of Metals,” and you 
will find that zinc is anodic compared to copper, which is more 
cathodic than zinc. 

Impure zinc will dissolve in sulfuric acid, while pure zinc won’t. 
In the voltaic cell in Figure 10-1, the zinc will dissolve when the 
external circuit is closed. The chemical formula is 

H 2 S0 4 ^^2H= + S0 4 = ; then Zn ++ + S0 4 ^ZnS0 4 

The hydrogen is given up at the copper plate. The zinc is dis- 
solved in proportion to the current flowing from the cell. This is the 
primary cell and is considered to be unrechargeable. It is replen- 
ished by replacing the zinc plate and the electrolyte. 

Commercial zinc usually has impurities in it, such as iron, 
arsenic, or some other metal. These particles are small, but refer 
to Figure 10-4 for the local battery action that transpires, causing 
the zinc to waste away. The impurity, zinc, and acid form a small 
cell that is shorted, so current flows. This local action may be 
stopped by amalgamating the zinc by rubbing it with mercury. 
The amalgamation loosens the impurities and they float to the 
surface. Mercury is sometimes added to the zinc while it is in a 
molten mass. 

Figure 10-4 Local battery 
action. 



CURRENT 
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Some of the liberated hydrogen clings to the positive plate and 
thus effectively reduces the effective surface of this plate. This 
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reduction reduces the effective emf from the cell. This action is 
known as polarization. 

Depolarizers are added to the cell to stop polarization. 
Depolarizers may be liquids or solids. Some liquid depolarizers are 

Nitric acid 
Chromic acid 
Bichromate of potash 
Bichromate of soda 
Nitrate of potash 

Some solid depolarizers are 

Black oxide of manganese 
Oxide of copper 
Peroxide of lead 
Oxide of lead 

All depolarizers abound in oxygen. The current releases this 
oxygen, which combines with the hydrogen that caused the 
polarization. 

A few primary cells will be discussed in brief, so that you may 
gain further knowledge of them. As stated before, the primary cell 
is replenished by replacing the negative plate, if it has been 
depleted, and replacing the electrolyte. 

A secondary cell is one that is rechargeable, without replacing 
the plate or electrolyte. Of course, there is an end to this, as we 
have seen when we have had to replace an automobile battery, 
which is a rechargeable secondary-cell combination. 

The Daniel l cell, illustrated in Figure 10-5, uses the electrochem- 
ical method of avoiding polarization. The Daniell cell is based on 
the theory that whenever a current passes from a metal to a solu- 
tion of its own salt, metallic atoms are dissolved into the solution. 

The zinc plate is placed in a dilute solution of zinc sulfate 
(ZnS0 4 ) with a little sulfuric acid (H 2 S0 4 ). The copper plate is 
placed in a porous, unglazed earthenware cup. This will pass ions, 
but not the solution. The solution in the cup is copper sulfate (blue 
vitriol, CuS0 4 ), with some crystals of CuS0 4 placed in the cup con- 
taining the copper plate. 

The zinc dissolves, leaving electrons on the zinc plate, and gives 
off Zn ++ ions. These ions combine with the S0 4 = ions to form zinc 
sulfate. 
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Zn— »Zn ++ +2e and Zn ++ + S0 4 — »ZnS0 4 

The Cu ++ ions of the depolarizer take electrons from the copper 
plate, leaving it positive, and deposit metallic copper on the positive 
plate: 

CuS0 4 ^^Cu ++ +S0 4 = 

Cu + +2e — » Cu 4 

The hydrogen ions from the sulfuric acid (H,S0 4 ) combine with 
the S0 4 = ions of the depolarizer and make sulfuric acid: 

2H + + S0 4 = H 2 S0 4 

During the use of the cell, the zinc wastes away while the copper 
gains weight. 

The gravity cell has the same action as the Daniell cell, but zinc 
sulfate is lighter than copper sulfate, so the two keep separated by 
specific gravity. See Figure 10-6. The gravity cells were used exten- 
sively in telegraphy. 

The Leclanche cell uses zinc and carbon plates. The solution 
contains sal ammoniac, which is ammonia chloride (NH 4 C1). See 
Figure 10-7. The depolarizer used is manganese oxide (Mn0 2 ). 
This cell supplies about 1.5 V emf. The accompanying formulas are 

Zn ++ + 2C1 — > ZnCl 2 (near negative plate) 

2NH 4 + + 2e + Mn0 2 + H,0 2NH 4 OH + MnO 
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Gravity cell. 



Dry cells are in reality a form of the Leclanche cell. The outer 
case is composed of zinc, which is the negative electrode. The cen- 
ter post is carbon and is the positive post (electrode). The chemicals 
are manganese dioxide (depolarizer), ground coke, sal ammoniac, 
and zinc chloride. The zinc chloride is added to lengthen the life of 
the cell by retarding local action. 

There are other primary cells, but since the basic theories have 
been discussed, no further subject matter will be covered. 




Secondary Cells 

If a charging current is sent through a Daniell cell in reverse direc- 
tion to the normal flow, this will dissolve some of the copper elec- 
trode into the sulfuric acid, making copper sulfate. At the same 
time some of the zinc atoms will be taken out of the zinc sulfate 
solution and will be deposited on the zinc electrode. The Daniell 
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cell may be replenished by recharging, instead of by replenishing 
the zinc plate and electrolyte. 

A storage or secondary cell is rechargeable, instead of needing to 
have the chemicals or the like replenished. We associate the secondary 
cell or secondary or storage battery with the automobile battery. 

The automobile battery is a lead and sulfuric acid battery. It is 
made up of two lead electrodes immersed in a solution of sulfuric 
acid (H 2 S0 4 ) and water (H 2 0). The plates are connected to a bat- 
tery charger as shown in Figure 10-8. 




A charged storage cell consists of a positive plate of lead oxide 
(Pb0 2 ), a negative plate of spongy lead (Pb), and sulfuric acid 
(H 2 S0 4 ). See Figure 10-9. The positive plate is dark brown and the 
negative plate is light gray. 

As the cell discharges, both plates have the active materials 
turned into lead sulfate (PbS0 4 ) (see Figure 10-10), and it is this 
condition in which they appear when it becomes necessary to 
recharge the cells. 

The chemical symbols for lead and some of its compounds are as 
follows: 



Lead 


Pb 


Red lead 


Pb 3 0 4 


Peroxide of lead or lead dioxide 


PbO z 


Monoxide of lead 


PbO~ 


Sulfate of lead 


PbS0 4 


Hard sulfate of lead 


Pb 2 SO 






1 24 Chapter 1 0 




OUTSIDE SOURCE OF 




Figure IO-IO Discharged cell 
at the time of putting on charge. 



From previous information, we found that H,S0 4 , when charg- 
ing or discharging a cell, dissociates into hydrogen H + ions and 
sulfate S0 4 = ions. The lead dioxide (Pb0 2 ) in Figure 10-9 reduces 
to lead monoxide (PbO). This occurs in the positive plate. 

The equations associated with the discharge as are follows: 
Negative Plate: 

Pb — » Pb ++ + 2e 

Pb = + S0 4 = -> PbS0 4 

Positive Plate: 

Pb0 2 + 2H + + 2e ->• PbO + H 2 0 
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PbO, is inactive with H,S0 4 but PbO, which forms at the posi- 
tive plate when reduced from’ PbO, reacts readily with H,S0 4 . 
Thus, 

PbO + H 2 S0 4 -> PbS0 4 + H 2 0 

So, on discharge, both plates are coated with PbS0 4 and the 
H,S0 4 is partially converted to water (H,0). 

The voltage of each cell starts at 2.1 V and drops to 2.0 V, where 
it remains throughout the discharging cycle until toward the end, 
and then it drops off rapidly. 

During the charging from a charging source, the PbS0 4 on the 
negative plate is restored to lead (Pb) and the positive plate is 
restored to lead oxide (PbO,) (see Figure 10-9); and the H,S0 4 
which was diluted with H 2 0, reverts to its original concentration.’ 
Thus, 



Negative Plate: PbS0 4 + 2H + + 2e — » Pb + H,S0 4 
Positive Plate: PbS0 4 + S0 4 = — 2e — » Pb(S0 4 ) 2 

The Pb(S0 4 ), is a plumbic sulfate that is unstable in the presence 
of water and will break down: 

Pb(S0 4 ) 2 + H,0 Pb0 2 + 2H,S0 4 

The positive plate is restored upon charging to the state shown 
in Figure 10-9. 

It is not practical to form plates from scratch, so in manufactur- 
ing lead-acid cells, grids of lead are formed and the proper com- 
pounds are pressed into the grids. 

The state of charge is measured by a hydrometer, which checks 
the specific gravity of the electrolyte and tells us the state of charge. 
A hydrometer is a weighted glass tube, marked in specific gravity, 
which is placed inside of a larger glass tube into which the elec- 
trolyte is pulled. The weighted tube seeks its proper flotation level. 

A discharged lead-acid cell has a low specific gravity, while the 
low specific gravity of a charged cell is around 1.275. This basically 
tells us whether the electrolyte is highly acidic or highly watered. 
Table 10-1 shows the specific gravity of the electrolyte in terms of 
so many parts water to one part acid. 

A discharged battery is very apt to freeze, and Table 10-2 will tell 
us why. 

Another type of storage cell is the Edison storage cell or nickel- 
alkaline storage cell, conceived by Thomas A. Edison. The positive 
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Table 1 0-1 Sulfur-Acid Battery Solution 



Specific Gravity 


Parts Water to 
1 Part Acid 


1.200 


4.4 


1.225 


3.7 


1.250 


3.2 


1.275 


2.8 


1.300 


2.5 



Table 10-2 


Freezing Temperature of Acid Batteries 


Specific 


Degrees 


Specific 


Degrees 


Gravity 


Fahrenheit 


Gravity 


Fahrenheit 


1.275 


-85 


1.125 


+ 13 


1.250 


-62 


1.100 


+ 19 


1.225 


-16 


1.050 


+25 


1.175 


-4 


1.000 


+32 


1.150 


+5 







electrode is nickel oxide and the negative electrode is finely divided 
iron. The electrolyte is potassium hydroxide. The following sym- 
bols will be useful in showing the chemical reactions: 



KOH 


Potassium hydroxide 


K 


Potassium 


OH 


Hydroxide 


Fe 


Iron 


Ni 


Nickel 


NiO 


Nickel oxide 


NiO, 


Nickel dioxide 



The following are the chemical formulas involved: 

Discharge 

Negative Plate: Fe + 20 H — 2e — » FeO + H z O 

Positive Plate: Ni0 2 + 2K = + H 2 0 + 2e —*■ NiO + 2KOH 
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Charge 

Negative Plate: FeO + 2K = + H 2 0 + 2e — » Fe + 2KOH 

Positive Plate: NiO + 20EI — 2e — » NiO, + H,0 

The information given in this chapter gives the basic theory of 
what takes place chemically in both primary and secondary cells. 

Questions 

1 . Describe a voltaic cell. 

2 . What is the voltage of a voltaic cell, and why? 

3 . What is a cell? 

4 . What is a battery? 

5 . Give the chemical formulas for a voltaic cell. 

6 . Explain depolarizers and their purpose. List some depolar- 
izers. 

7 . Explain the operation of a Daniell cell. 

8 . Which plate dissolves in a Daniell cell? 

9 . Give the chemical formulas for a Daniell cell. 

1 0. What is a gravity cell? 

1 1. How does a gravity cell differ from a Daniell cell? 

1 2. Describe a Leclanche cell. 

1 3. What is a primary cell? 

14. What is a secondary cell? 

1 5. Explain the construction of the common dry cell. 

16. What is our most common secondary cell? 

1 7. Of what are the plates of a lead-acid cell composed when dis- 
charged? 

18. Of what are the plates of a lead-acid cell composed when 
charged? 

1 9. Explain fully the processes in charging and discharging a lead- 
acid cell. 

20. What is a hydrometer, and for what is it used? 

2 1 . Explain the operation of an Edison cell. 

22. Give formulas for the discharge of an Edison cell. 

23 . Give formulas for the charging of an Edison cell. 




Chapter I I 

Electromagnetism 

Hans C. Oersted (1777-1851), a Danish physicist at the University 
of Copenhagen, observed in 1819 that a compass needle was 
affected by a voltaic pile. Upon further experimenting, he discovered 
that a compass needle that was placed immediately above or below 
a conductor carrying current, as in Figure 11-1, was deflected. 

Figure I l-l Compass needle is 
deflected by a current through a 
conductor. 




This effect may be further demonstrated by passing a conductor 
through a paper on which iron filings have been sprinkled. When 
direct current is passed through the conductor, the iron filings will 
arrange in a configuration such as in Figure 11-2. 




Figure 1 1-2 Iron filings around a 
current-carrying conductor. 



In Figure 11-3, the lines of the magnetic field around a conduc- 
tor are more clearly illustrated. The lines of force around a current- 
carrying conductor form in circular paths. In order to establish in 
which direction those lines of force travel, we will use Figures 11-4 
and 11-5. In Figure 11-4, the current in the conductor is going 
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Figure 1 1-3 Magnetic field 
around a current-carrying 
conductor. 



Figure I 1-4 Magnetic field of 
a current moving into the page. 



Figure 1 1-5 Magnetic field of a 
current moving out of the page. 



away from us and is represented by the end of the conductor having 
a plus in it; the lines of force or flux go around counterclockwise. In 
Figure 11-5, the current is coming toward us as represented by the 
dot in the circle; here the lines of flux are clockwise. 

An easy way to remember is by means of the left-hand rule. In 
your imagination, place your left hand around a conductor, as in 
Figure 11-6, so that your thumb points in the direction of the cur- 
rent (negative to positive). Then your fingers will be pointing in the 
direction of the lines of force. 

Refer to Figure 11-7 to determine the direction in which a com- 
pass needle will be deflected. 

Parallel conductors carrying currents in the same direction attract 
each other. See Figure 11-8. Conductors A and B are carrying cur- 
rent away from us, so the lines of force are counterclockwise. 
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DIRECTION OF CURRENT Figure I 1-6 Current and 
/ direction of lines of flux. 




(A) Current going into the page. (B) Current coming out of the page. 

Figure 1 1-7 Direction of deflection of a compass needle. 




Figure 1 1-8 Wires carrying current in the same direction attract 
each other. 




I 32 Chapter I I 



Instead of circling A and B separately, as at C and D, they combine 
and encircle both conductors, as at E and F. 

Wires carrying current in opposite directions repel each other. 
See Figure 11-9. Conductor A is carrying current away from us and 
conductor B is carrying current to us. Lines of force around A are 
counterclockwise and clockwise around B. Since the lines of force 
are oriented in opposite directions, they won’t combine as in Figure 
11-8, but will tend to push the wires apart. 




Figure 1 1-9 Wires carrying 
current in opposite directions 
repel each other. 



Maxwell’s rule states that every electrical circuit is acted upon by 
a force that urges it in such a direction as to cause it to include 
within its embrace the greatest possible number of lines of force. 

In explanation of Maxwell’s rule we shall use Figure 11-10. In 
Figure 11-10 A, there is a circuit doubled back on itself. The lines of 




(A) Initial configuration of current- 
carrying conductor. 




(B) Configuration resulting from Figure 11-10 Illustration of 
electromagnetic repulsion. Maxwell’s rule. 
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force around half the wire will oppose the lines of force around the 
other half, as was covered in the explanation of Figure 11-9. This 
means the wire will have a tendency to be pushed apart and, if free 
to move, would theoretically take the shape of the circuit shown in 
Figure 11-10B, which would be a circle. 

A paraphrase of Maxwell’s rule is that every electrical circuit 
tends to so alter its shape as to make the magnetic flux through it a 
maximum. In this paraphrase, you have the answer that explains 
motor action and also the action of many measuring instruments. 

In explanation, every electric motor has a loop of wire that car- 
ries current. This loop is placed in such a position in a magnetic 
field that the lines of force pass parallel to, but not through, it. 
From Maxwell’s rule, the loop tends to turn in such a direction so 
as to include within it the lines of force of the magnetic field. It is 
suggested that this action be reviewed and remembered, as it will 
have a far-reaching effect in later chapters. 

One of these far-reaching effects will be covered under a chapter 
concerned with fault currents, but it will be good to touch on this 
matter now, while we are involved in one important effect caused 
by fault currents. 

On large-capacitance circuits, which will have high currents 
available should the conductors of a circuit short together, 
Maxwell’s rule must be prepared for before the short occurs. When 
the short occurs, the magnetic forces tending to cause the circuit to 
embrace the greatest possible number of lines of force will tend to 
throw the conductors apart. These magnetic stresses become very 
great. In switchgear, for instance, where bus bars are the conduc- 
tors, it becomes an engineering problem to design the bus bars so 
that they won’t be torn from their mountings. Therefore, they have 
to be rigidly supported and bolted into place. 

The same must be done with cable trays. Here the conductors 
should be tied down securely so that they won’t be thrown out of 
the tray or destroy the tray. 

In Figure 11-11, the lines of force from the magnet go from N to 
S and the current in the conductor is coming toward us, so the flux 
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Figurell-ll Composite of a 
magnetic field and a current- 
carrying conductor. 
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around the conductor is clockwise. One might compare these lines 
of force to rubber bands. Thus the lines of force of the magnetic 
poles tend to straighten out and push the conductor down. 

The right-hand rule is illustrated in Figure 11-12. The right hand 
is cupped over the pole piece as shown; the thumb represents the 
direction of motion, the index finger the direction of the flux, and 
the middle finger the direction of the current. 




Figure 11-12 Right-hand rule. 



Galvanoscope 

Figure 11-1 showed a magnetic needle under a wire carrying current, 
as did Figure 11-7. A galvanoscope is such a device. Figure 11-13 
will be used in the explanation. Figure 11-13 A shows a simple gal- 
vanoscope, similar to the one previously illustrated. Current will 
deflect the magnetic needle, which is suspended by a thread. If the 
current is very feeble, the deflection will be hard to notice. To over- 
come this, more turns are added, as in Figure 11-13B. Thus, if there 
are 100 turns, the effect will be 100 times as much as the effect of 





(A) Simple galvanoscope. (B) Multiplying effect of many turns. 

Figure I 1-13 The galvanoscope. 
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the simple galvanoscope. The theory discussed here will be applied 
later in galvanometers and electrical measuring instruments. 

Solenoids 

In Figure 11-8 the effect of conductors in parallel is shown. Notice 
that conductors in parallel, with the currents in the same direction, 
cause the lines of force to embrace the conductors as one. In 
solenoids and electromagnets, this phenomenon is taken advantage 
of to increase the strength of the solenoids and magnets. 

Figure 11-14 is used to illustrate. Here there is a soft iron core, 
A, wound with turns of wire. As you see, the turns are parallel and 
the current flows in the same direction in all turns. Notice that the 
lines of force are all in the same direction on either side, so there is 
an addition of the lines of force in proportion to the number of 
turns. The current has to be in the same direction in each turn as 
the turns are in series. The lines of force add up and concentrate at 
poles B and C of the iron core. 




Figure 11-14 Field of an electromagnet. 



It will be mentioned here that a circuit doubled back on itself 
produces no magnetic field. This is because the magnetic field of 
one wire cancels out the effect of the magnetic field of the other 
wire, since the fields are equal and opposite. 

Mechanical functions are performed by solenoids such as the one 
illustrated in Figure 11-15. The coil M is wound on a nonmagnetic 
form. Plunger A is drawn into coil M when the coil is energized, 
pulling lever L up, actuating some mechanical function. When coil 
M is deenergized, the spring S pulls the lever back down. 
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Figure 11-15 Principle of a 
solenoid. 



Solenoids and electromagnets are used extensively in the electri- 
cal industry. Figure 11-16 illustrates the principle of a relay. The 
electromagnet M is energized, pulling armature A to it, and the con- 
tact on the armature A makes contact with the contact C, closing a 
circuit between 1 and 2. When the magnet is deenergized, the spring 
S pulls the armature A away, opening the contact between A and C. 

Some circuit breakers are triggered by relays when overcurrents 
occur. 




Figure 11-16 Principle of a 
relay. 



Questions 

1 . Explain the effect that current through a conductor will have 
on a compass needle. 

2 . Show the symbols used on conductor ends to indicate the 
direction of current. 

3. Fully describe the left-hand rule for the direction of magnetic 
flux around a current-carrying conductor. 

4. What happens to magnetic lines of force produced by conduc- 
tors with current in both conductors in the same direction? 
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5 . What is the effect of magnetic lines of force around two con- 
ductors when the currents in the two conductors are flowing 
in opposite directions? 

6 . Explain Maxwell’s rule as it concerns the magnetic effect of 
an electrical current in a circuit. 

7 . What is a galvanoscope? 

8 . How may the magnetic effect of current be magnified in a gal- 
vanoscope? 

9 . Define a solenoid. Sketch and explain. 

1 0. Define an electromagnet. Sketch and explain. 




Chapter 12 

Laws Governing Magnetic Circuits 

Since certain definitions are very important to this discussion, the 
following definitions will be given here: 

Maxwell (Mx): Unit of magnetic flux, one magnetic line of 
force. 

Gauss (G): Unit of flux density B, equal to one maxwell per 
square centimeter. 

Gilbert (Gb): Unit of magnetomotive force (mmf, the force by 
which a magnetic field is produced), equals 10/4ir ampere- 
turns (At). 

Oersted (Oe): Unit of magnetic field strength or magnetizing 
force equal to 1000/4tt ampere-turns per meter. 

Permeability (/jl: Greek letter “mu”): Expresses the relation- 
ship of flux density produced in a magnetic substance to the 
field intensity that occasions it. 

At this time we will be using the above terms, plus some addi- 
tional definitions, in order that we might gain knowledge concern- 
ing magnetic calculations. There are definite similarities between 
magnetic circuits and electrical circuits. These should be noted, as 
they will make the subject easier to understand. 

Figure 12-1 will be used to illustrate the gauss. As noted, the end 
is 2 cm by 2 cm, or 4 cm 2 . Let the number of lines of force through 
1 cm 2 be 10,000; the flux density is then said to be 10,000 gausses, 
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or 10 kilogausses. If now the flux density B is multiplied by the 
cross-section s, the total flux </> in maxwells will be 

4> = B X s = 10,000 X 4 = 40,000 lines of force 

The electrical force that produces the magnetic lines of force is 
called the magnetizing force. This force is usually produced by a 
coil of wire that carries an electrical current. The magnetizing force 
is represented by H. One unit of magnetizing force H will produce 
one magnetic line of force B per square centimeter in air. 

Permeability (/jl) is the ratio of magnetic flux density B to the 
magnetizing force H. So, 

Magnetic Flux Density B 

Permeability = — — — — or /jl = — 

Magnetizing Force H 



The permeability of air is 1, since in air B always equals H, so 
B/H =1. 

If a current from a battery is passed through an air-core solenoid 
as in Figure 12-2, the magnetic lines of force will affect the sus- 
pended magnetic needle N. Now, if we provide an iron core for the 
same solenoid in Figure 12-2, we have iron instead of air for the 
core. With the same current through the solenoid, the magnetic nee- 
dle N will be deflected more, although the same magnetizing force 
was applied to the solenoid. The reason for the greater deflection 
when the iron core is added is the result of a much increased mag- 
netic flux density B, with the addition of the iron core. 




In explanation, suppose that with the air core, the magnetizing 
force of 50 units of H produced a flux density B of 50 lines of force 
per square centimeter. The permeability would be B/H = /jl = 
50/50 = 1, which is always true for air. After the addition of the 
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iron core, we still have 50 units of magnetizing force H, but now 
have, with 15,000 lines of force per square centimeter, 



M = 



H 



15,000 

50 



300 



as the permeability of the iron core that we inserted into the 
solenoid. This indicates that the iron core conducted 300 times the 
number of magnetic lines of force as the air core. 

Table 12-1 will give you a better idea of the variations in perme- 
ability of different substances. 



Table 1 2- 1 Permeability of Magnetic Substances 





Mmax 

(GausslOersted) 


B 

(Gauss) 


Cobalt 


170 


3000 


Iron-cobalt alloy (Co 34%) 


13,000 


8000 


Iron, purest commercial annealed 


6000 to 8000 


6000 


Nickel 


400 to 1000 


1000 to 3000 


Pennalloy (Ni 78.5%, Fe 21.5%) 


Over 8000 


5000 


Perminvar (Ni 45%, Fe 30%, Co 25%) 


2000 


4 


Silicon steel (Si 4%) 


5000 to 10,000 


6000 to 8000 


Steel, cast 


1500 


7000 


Steel, open-hearth 


2000 to 7000 


6000 



Strength of a Magnetic Pole 

A unit magnetic pole may be considered to be a point that sends out 
enough lines of force to produce a flux density of one magnetic line 
to every square centimeter of a spherical surface situated 1 cm from 
the pole and centered at the pole point. There will be as many lines 
of force concentrated at the pole point as there are square centime- 
ters on the surface of a sphere 1 cm in radius. A sphere of 1 cm 
radius has a surface area of 4-7 t cm 2 (12.57 cm 2 ). Therefore, every 
magnetic pole of unit strength has 4-77 lines of force emanating from 
it or entering into it. 

Example 

A magnet with a strength of 15 unit poles will have 15 X 4-77 or 189 
lines flowing out of the north pole and into the south pole. 
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Intensity of Magnetizing Force 

We have learned that the magnetizing force of an electromagnet is 
produced by current flowing through a coil of wire. The intensity 
of this magnetizing force per centimeter of length is expressed as 
follows: 

477 IN 1.257 IN 
H ~ 10 / “ / 
where 

H = intensity of magnetizing force per unit of length 
I = current in amperes 
N = number of turns in the coil 
/ = length of solenoid in centimeters 
10 = constant to reduce amperes to absolute units 

Magnetic Reluctance 

There is resistance to the flow of magnetic lines, called reluctance, 
the symbol for which is R. No unit term is currently used for reluc- 
tance. 

The calculation of reluctance is not quite as simple as the calcu- 
lations of ohmic resistance for electrical circuits. This is due to the 
peculiar tendency of magnetic substances to reach a saturation 
point. This indicates that the permeability of a substance is not a 
fixed quantity, but changes with flux density. 

The permeability of a piece of cast iron with a flux density of 
4000 lines per square centimeter is 800. It is found that if the 
flux density is increased to 5000 lines, the permeability will fall 
to 500. 

There are tables available in handbooks for permeabilities of 
various magnetic substances, under different flux densities. To illus- 
trate our point, Table 12-2 covers one type of wrought iron. 

Table 1 2-2 Flux Density, Magnetic Force, and Permeability 



B H fi B H /j. 



1000 


0.48 


2080 


9000 


2.95 


3050 


2000 


0.61 


3280 


10,000 


4.32 


2310 


3000 


0.78 


3850 


11,000 


6.70 


1640 


4000 


0.92 


4340 


11,500 


9.46 


1220 
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Table 12-2 (continued) 



B 


H 




B 


H 




5000 


1.08 


4620 


12,000 


12.40 


953 


6000 


1.20 


5000 


12,500 


16.00 


781 


7000 


1.40 


5000 


13,000 


23.80 


546 


8000 


2.00 


4000 









The formula for magnetic reluctance is as follows: 

/ 

S/U, 

= reluctance 

= length of magnetic circuit in centimeters 
= permeability 

= cross-section of magnetic circuit in square centimeters 

This formula indicates that reluctance increases directly with the 
length of the magnetic circuit and decreases as the product of the 
permeability and cross-section. 

The resistance of a wire increases with the length and decreases 
inversely with its cross-sectional area and conductivity. 

Ohm’s law for an electrical circuit is I = E/R. Rowland’s law for 
magnetic circuits is </> = mmf/R, or 

Magnetomotive Force 

Magnetic Flux = — ; — — 

Magnetic Reluctance 

The detailed formula for total flux is = mmf/R, or 
_ 4 t t (IN/10) _ 1.257 IN _ 1.257 IN /as 

1//JLS 1//JLS l 

so that 

(\>l = 1.257 7N/|xs 
where 



R = 

where 

R 

l 

s 



= total magnetic flux in maxwells 
IN = ampere-turns 
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/ = length of magnetic circuit in centimeters 
s = cross-section of magnetic circuit in square centimeters 
/ x = permeability 

1.257 = constant for centimeter measurements 
mmf = magnetomotive force in gilberts 



Thus, the magnetizing force is proportional to the ampere-turns. 
To further compare electric and magnetic circuits: 



Electric Circuit 
Magnetic Circuit 



„ 1 volt 

1 ampere = - — : — 

F 1 ohm 

1 gilbert 

1 maxwell = ; . 

1 unit reluctance 



Since the magnetizing force is proportional to the ampere-turns 
(IN), 1 ampere through 10 turns will equal 10 ampere-turns. The 
same magnetizing force will be obtained with Vio ampere and 100 
turns, or 10 ampere-turns. 

It is often required to find the ampere-turns (IN) necessary to 
produce a given total flux: 



IN 

where 



C f>(l//JLS ) <pl 

3.192 “ 3.192 ns 



IN 

<k 

l 

s 

3.192 



ampere-turns 

total magnetic flux in maxwells 
length of magnetic circuit in inches 
cross-sectional area of magnetic circuit in inches 
permeability 

constant for inch measurement 



The difference between the intensity of magnetizing force (H) 
and the total magnetomotive force (mmf) may be best illustrated by 
the following formula: 

TT 1.257 IN 
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where 

IN = ampere-turns 

H = magnetizing force per centimeter of length 
/ = length of magnetic circuit in centimeters 

The difference may be illustrated in Figure 12-3. The following 
are the meanings of the symbols used in the figure: 

H = intensity of the magnetizing force per centimeter of 
length 

F = total mmf for whole bar expressed in gilberts 

B = flux density in lines of force per square centimeters, 
expressed in gausses 

d> = total magnetic flux for the entire 4 cm 2 , expressed in 
maxwells 




Figure 12-3 Application of 
magnetic terms. 



Thus, IN may be expressed as 

IN = (fAn .257 ns 
IN = B//1.257 n 

A practical application is as follows: It is desired to produce a 
flux A> of 20,000 maxwells in an iron ring (Figure 12-4) having a 
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mean circumference of 150 cm and a cross-sectional area of 4 cm 2 . 
Find the ampere-turns required. (Use a permeability of 3000.) 

cbl 20,000 X 150 

IN = — = = 159 

1.257 /jls 1.257 X 3000 X 4 

We could use 159 turns at 1 ampere or 10 turns at 15.9 amperes; 
the results would be the same. 

Problem 

Produce 65,000 maxwells in a ring with a mean circumference of 
50 cm and 5 cm 2 in cross-section. Use 1.083 for the permeability. 



65,000 , , 

B = cf>/s = — - — = 13,000 hnes/cnr 

65,000 X 5 

IN = = 470 ampere-turns 

1.257 X 1083 X 5 F 



Now, if the ring shown in Figure 12-4 was cut at the bottom (Figure 
12-5) and the poles pulled apart 1 cm, this would increase the reluc- 
tance because of the added air gap. We would now use the formula 



IN 

where 



</> r / / 1 

1.257 [/jls + 



l 1 = length of air gap in centimeters 
lx I = permeability of air gap = 1 

s 1 = cross-section of air gap in square centimeters 
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— - + I = 10,370 ampere-turns 

X 5 1X5/ 

Compare IN with the previous problem and we find that with the 
air gap, we now require 21 times the ampere-turns for the same flux. 

Generators always have air gaps, so we should observe that the 
greater number of turns in a generator is because of air gaps. 

Saturation of magnetic substances was discussed previously. Figure 
12-6 shows a typical permeability curve. Note that point X (knee of 
curve) is about the most efficient point of operation, because addi- 
tional ampere-turns don’t materially affect the magnetic flux density 
B as compared to the extra magnetizing force H that is required. 



65,000 ( 50 

1.257 v 1083 




MAGNETIZING FORCE H 

Figure 12-6 Typical permeability curve. 
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There is always a lagging of flux density or magnetization 
behind the application of the magnetizing force. This is termed hys- 
teresis. Hysteresis is a loss, and the area within the hysteresis loops 
represents this loss (Figure 12-7). 

Residual magnetism is always involved. If a piece of iron is sub- 
jected to an increase in magnetizing force and then this force is 
decreased to zero, there will be some retention of magnetism, which 
is termed residual magnetism. 

Referring to Figure 12-7, we start at set zero and increase the 
magnetizing force in direction +H with the flux density increasing 
in the direction +B until point A is reached. Then, if the magnetiz- 
ing force H is decreased, the flux doesn’t follow the initial ascending 




Figure 12-7 Typical hysteresis loop. 
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curve oA. It descends until H is zero, where the curve is at C. This 
is due to the retained magnetism, and oC represents this retained 
magnetism. All of this varies with the magnetic properties of the 
material involved. 

If the current is reversed, the point E gives the magnetizing force 
required to bring the residual magnetism to zero. At this point the 
magnetism is reversed and becomes maximum at point F. 



Formulas 



BXs 

H 

R 

d> 

d> 

</> 

IN 

IN 



<l> 

B/H 

4t t IN 1.25 IN 

10 / “ IT 

l 

S X /JL 
mmf/R 



4t t X (7/10) N 
l (p X s) 



1.257 IN X /is 



l 



4 > x / 

1.257 /jls 

4> X / 

3.129 n s 



(metric) 
(for inches) 



Questions 

1 . Define a gauss. 

2 . Define a maxwell. 

3. Define an oersted. 

4. Define a gilbert. 

5. Define permeability. 
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6 . What is the permeability of air? 

7. What is the permeability of silicon steel? 

8 . What is magnetic reluctance? 

9. Give the formula for magnetizing force. 

10. Give two formulas for Rowland’s law. 

1 1 . Give a formula for ampere-turns. 

1 2. Define and explain residual magnetism. 

1 3. Define and explain hysteresis. 

14. For a permeability curve, give your version of the “knee of the 
curve. ” 




Chapter 13 

Work, Power, Energy, Torque, 
and Efficiency 

Energy is the ability to do work. Energy can neither be created nor 
destroyed. It may, however, be converted from one form to another. 
The conversion of one form of energy to another is accompanied by 
some form of loss. Potential energy is stored energy, such as in a 
battery. Kinetic energy is energy in motion. 

A good example of energy is steam under pressure in a boiler. 
This is potential energy; there it is ready to go to work. By the same 
token, the energy in the steam was converted from burning of some 
type of fuel. 

Another example is the spring of a watch that has been wound 
up and is ready to expend its energy into the work of running the 
watch. Still another form of energy is present in a car battery, ready 
to be released by chemical action. 

When energy is released, it is capable of doing work. Work is the 
overcoming of opposition through a certain distance. 

The amount of energy possessed is equal to the amount of work 
that the energy is capable of doing, less some losses. 

Power is the rate of doing work. The faster work is done, the 
greater the power that will be required to do it. 

It has been stated that energy is the ability to do work. Work is 
accomplished upon the release of energy. Work is the product of 
the moving force times the distance through which the force acts in 
overcoming opposition. Work may be measured in foot-pounds 
(ft-lb). One foot-pound is the work required to lift 1 lb a distance of 
1 ft. Please note that no reference has been made to time. 

Figure 13-1 illustrates work. A man pulls a 50-lb weight up 8 ft 
and therefore does 400 ft-lb of work. 

Since power is the rate of doing work, it involves time with 
work. 

Work = fXL 
where 

W = weight in pounds 

L = distance in feet, through which W is raised or moved 
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Figure 13-1 Example of 
work. 



Horsepower (hp) is a unit of power and, numerically, 1 hp 
33,000 ft-lb per minute or 550 ft-lb per second. 



LXW 

33,000 X t (in minutes) 

LXW 

550 X t (in seconds) 

W 
t 

where 

P = power of doing work in foot-pounds per second 
W = work done in foot-pounds 
t = time of doing work in seconds or minutes, as indicated, 



hp = 
hp = 
P = 



, . Mechanical Work Done 

Mechanical Power = 



Time of Doing Work 
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Problem 

A 1000-lb load was carried by an elevator up 100 ft in 30 seconds. 
How many horsepower were required to accomplish this? Neglect 
efficiency. 



LX W _ LXW 

33,000 X t (in minutes) 550 X t (in seconds) 

100 X 1000 „ 100 X 1000 „ 

— — 6 + — — 6 + 

33,000 X 0.5 550 X 30 

Table 13-1 gives some very useful units of conversion. Not only 
may mechanical power be converted into electrical power, but also 
some others, which will be useful. To convert mechanical power 
(hp) to electrical power (watts), use the following formula: 

Electrical Power (watts) = Mechanical Power (hp) X 746 watts 



Table 13-1 Conversion Table of Power 



Unit 


Watt 


Kilowatt 


Horsepower 


Foot-Pounds 
per Second 


Btu per 
Second 


1 w 


1.00 


0.001 


0.00134 


0.737 


0.000948 


1 Kw 


1000.0 


1.0 


1.34 


737.0 


0.9480 


1 hp 


746.0 


0.746 


1.0 


550.0 


0.7070 


1 ft-lb/sec 


1.36 


0.00136 


0.00182 


1.0 


0.00129 


1 Btu/sec 


1055.0 


1.055 


0.415 


778.0 


1.0 



Efficiency is the measure of output to input. Since one never 
receives something for nothing, efficiency is always less than 1. All 
transformations are accompanied by losses. 

A list of losses accompanying transformation of electrical power 
into mechanical power is listed below. Some of these losses have not 
been covered as yet, since they are involved in alternating current, 
but they will be listed for reference. 

PR loss (copper loss) 

Friction loss (bearings) 

Air resistance 
Hysteresis 
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Eddy currents (will be covered with alternating currents) 
Power factor (will be covered with alternating currents) 
Reluctance of air gap 

Losses are listed here to illustrate why 100 hp is not received 
from an electrical motor with 74,600 watts input. 

A 100-hp DC motor at 240 volts draws 341 amperes. Since P = 
El, P = 240 X 341 = 81,840 watts. Now, 100 hp equals 74,600 
watts, so there is a loss of 7240 watts. The efficiency of the DC 
motor is output/input = 74,600 watts/81,840 watts = 91.15 percent. 

Refer to the elevator problem (p. 000) and convert it into electrical 
power 

Problem 

What horsepower of electric motor will it take to lift 1000 lbs a height 
of 100 ft in 30 seconds? Use an 80 percent efficiency factor. How 
many kilowatts will be required to supply this horsepower? 



Mechanical hp 



L X W 

550 X 330 



100 X 1000 
16,500 



6.06 hp 



hp 

eff. 

1 hp 



= 7.6 hp Ans. (1) 

0.746 kW so 7.56 X 0.746 = 5.64 kW 

Ans. (2) 



The following are useful formulas to be used with efficiency: 



Output Output Input — Losses 

Efficiency = — = — = 

Input Output + Losses Input 

Output 

InpU ' ’ Efficiency 
Output = Input X Efficiency 



The following formulas are listed for reference: 



, Watts 
hp = 



746 
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Watts 

hp 



hp X 746 

kW 

0.746 



kW = hp X 0.746 



Problem 

How many horsepower are 2460 watts? 

, Watts 2460 . . , 

h r- W" 7« ' 3 ' 3hp 

Problem 

A motor draws 30 kW. How many horsepower is this? 

, kW 30 

hp = = = 40.2 hp 

P 0.746 0.746 P 

hp = kW X 1.34 = 30 X 1.34 = 40.2 hp 



Torque 

Applied torque is a measure of a body’s tendency to produce rota- 
tion. Resisting torque is the tendency of a body to resist rotation. 

A definition of torque is a twisting or turning force that tends to 
produce rotation, as of a motor. 

Torque is measured by the product of the force and the perpen- 
dicular distance from the axis of rotation to the line of action of the 
force: 

T = F X L 
where 

T = torque turning or twisting efforts in pounds-feet 
F = unbalanced force exerted to produce rotation 
L = lever arm length 

Torque is usually expressed in pound-feet. Be careful to observe 
that this is not foot-pounds. 

An example of torque is illustrated in Figure 13-2. The torque 
tending to turn the cylinder in the brick wall would be T = F X L or 
T = 100 lb X 12 ft X 1200 pound-feet. 
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CYLINDER SOLIDLY Figure 13-2 Example of torque. 

EMBEDDED IN WALL 




Prony Brake 

The Prony brake is used for finding the brake horsepower of all 
types of engines and motors. In running the test, the brake lever is 
arranged as in Figure 13-3 to bear on a scale S. The pressure F on 
the scale is regulated by bolt R. The revolutions per minute of the 
wheel are counted. Here, L is the length of the lever arm. The brake 
horsepower is calculated as follows: 

2 X L X 3.1416 X F X rpm 

Brake Horsepower = — — — 

^ U U 

Notice that the product FL in the numerator is the torque of the 
system. 

In electrical units, a watt-hour represents the electrical energy 
expended if work is done for 1 hour at the rate of 1 watt. By the 
same token, a kilowatt-hour represents the electrical energy 
expended if work is done for 1 hour at the rate of 1 kilowatt. 

1 joules = 1 watt-second 
3600 joules = 1 watt-hour 

3,600,000 joules = 1 kilowatt-hour 

Electrical energy is purchased and metered on the kilowatt-hour 
basis. The rates are usually based on a sliding scale. That is, the 
first so many kilowatt-hours are at a higher rate than the ensuing 
steps will be. Also, on commercial and industrial power customer 
rates, the maximum 15-minute demand in continuous kilowatts 
will set the steps used in calculating the power bill. The reason for 
this is that if a commercial customer used a continuous demand of 
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FRICTION BAND 
ON PULLEY 
OR FLYWHEEL 




4 ^ - — ob 



Figure 13-3 Example of a Prony brake for measuring brake horsepower. 



10,000 kW, the load on the system would be steady, but if the cus- 
tomer drew 10,000 kW for 15 minutes or an hour, and then 
dropped to 5000 kW the rest of the time, the power company would 
have to have a system that could supply the 10,000-kW demand, 
while the customer used only 5000 kW the majority of the time. 

The power company is entitled to a ready-to-serve charge, 
because we want them to be ready to supply whatever the required 
demand at any time. The same is true if a company has its own 
power plant. The investment to serve must be there regardless of 
whether power is utilized continuously or for only a short time. 

Heat may be obtained from electrical energy, both as a loss and 
as work done. Heat energy is expressed in two ways: calories and 
Btu (British thermal units). 

The calorie is the amount of heat required to raise the tempera- 
ture of 1 gram of water by 1 Celsius degree. 

The Btu is the amount of heat required to raise the temperature 
of 1 pound of water by 1 Fahrenheit degree. 

Going back to Table 13-1, we find that 1 kW will produce 
0.9480 Btu per second. 

A current of 1 ampere maintained for 1 second in a 1-ohm resistor 
produces 0.239 calorie of heat. A current of 2 amperes in the same 
circuit produces four times the calories (four times the heat). 



